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ABSTRACT
C hanges in m orphology and am ount o f pedogenic carbonate  establish 
relative ages of calcic soils and pedogenic calcretes on the R ed  R ock alluvial 
fan and, together with - ^ U / ^ ^ T h  dating, lead to a chronostratigraphy for 
fan evolution in southern  N evada. Soils on the fan form  a chronosequence 
w here all soil-form ing factors are held constant except tim e. All four 
surfaces identified  are form ed of lim estone alluvium, occur at elevations of 
approxim ately 853 m (2800 ft), and share the sam e clim ate and vegetation. 
The four surfaces w ere m apped and delim ited by color, texture, degree and 
na tu re  o f dissection, relative vertical position, and soil developm ent. The 
surfaces are  ranked in relative age by elevation and topographic position 
from  the highest (oldest) to lowest (youngest). Y ounger surfaces support a 
netw ork of closely-spaced, braided channels, less than  one m ete r deep, which 
distribute down the surface of the fan. D epth  of channel incision increases 
with age and is m arked by dendritic channel networks with parallel 
first-order rilles. Because of the difficulty in m easuring pedogenic carbonate  
in soils derived from  calcareous paren t m aterials, a new technique using 
m acroscopic and  m icroscopic visual determ inations, com bined with the wet 
chem ical Chittick m ethod, was used to estim ate volum etric pedogenic 
carbonate . R ates of pedogenic carbonate  accum ulation in soils underlying 
Surface 2 and 3 range from  0.22 to 0.44 g /cm - /k y  and correlate  with 
^ ^ U / “^ T h  age-dated  calcic soils and pedogenic calcretes developed on 
nearby Kyle Canyon alluvial fan. These rates com pare favorably w ith those 
ob tained  on sim ilar fans in Kyle Canyon, N evada, and sou thern  New  Mexico.
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1INTRODUCTION 
PU RPO SE O F STUDY
Six calcic soils and pedogenic calcretes, form ed in gravelly, calcareous 
parent m aterial, were identified in alluvial deposits underlying four 
geom orphic surfaces on the R ed Rock Canyon alluvial fan, southern Nevada 
(Fig. 1 and Plate 1, in pocket). A  summary of m ajor alluvial surface and soil 
features are listed in Table 1.
M orphological developm ent of pedogenic calcretes is useful only for 
soil correlation over small areas and construction of a local stratigraphy. The 
dating of the associated calcic soils and calcretes by am ount and rate of 
pedogenic carbonate accumulation, however, is the initial step in designing a 
regional chronostratigraphy for fan evolution and the faults that displace 
these soils. Construction of high-risk projects such as power plants and 
repositories for high level nuclear and toxic waste that may suffer earthquake 
damage, requires a knowledge of regional tectonics; specifically the location 
and history of Q uaternary faults. Commonly, it is extremely difficult to date 
precisely when m ovem ent last occurred on faults that cut extremely young 
deposits. O ne approach to this problem  is to date soils and o ther surface 
deposits that have been offset by Q uaternary faults. Dating of such deposits, 
however, is difficult when they do not contain organic m aterial suitable for 
radiocarbon ( ^ C )  analysis. R ecent work by M achette (1985) has shown, 
however, that progressive changes in morphology and am ount of pedogenic 
carbonate form  a useful indicator of the relative ages of soils developed 
under arid and semi-arid climates. This thesis examines calcic soils and 
pedogenic calcretes developed on the Red Rock Canyon alluvial fan (Fig. 1) 
as a m eans of correlating and dating these fan deposits.
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FIG U RE 1. Location of the R ed Rock Canyon alluvial fan study area  (after 
Sowers, 1985).
3TABLE 1. Summary of the m ajor surface features, soils, stages of 
pedogenic carbonate morphology, and estim ated ages o f the R ed 
Rock Canyon alluvial fan.
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4T he greatest percentage of alluvial fans developed in the 
southw estern U nited  States are  com prised of calcareous p aren t alluvium. 
N evertheless, all previous studies of pedogenic carbonate accum ulation, 
except one (Sowers and others, 1988), have been  com pleted on fans form ed 
from  low -carbonate paren t m aterials. This disparity is a direct result of the 
difficulty in separating prim ary carbonate from  pedogenic (secondary) 
carbonate. T he presence of large am ounts of detrital lim estone in the R ed 
Rock Canyon alluvial fan makes it impossible to determ ine the am ount of 
introduced pedogenic carbonate in the soil by traditional w et chem ical 
analyses such as those em ployed by D rem anis (1962). W orking on a  sim ilar 
fan com prised of calcareous paren t alluvium, Sowers and others (1988) 
developed a technique tha t employs microscopic and m acroscopic visual 
determ inations of prim ary and pedogenic carbonate. This technique was 
used to quantify am ounts of pedogenic carbonate accum ulation for the R ed  
Rock Canyon calcic soils and pedogenic calcretes.
This research is o f scientific in terest because relative age and stage of 
developm ent of these calcic soils and pedogenic calcretes can be com pared 
to alluvial fan studies in sim ilar geom orphic and climatic settings and 
because in terpretation  of the features of the R ed Rock Canyon pedogenic 
calcretes sheds light on processes active in desert soils. M any of these 
pedogenic calcrete features are found around the world, indicating a 
similarity of processes in differing environm ents. Such features include 
m atrix-supported texture, lam inar structure, root casts, veining, and pellets 
(Siesser, 1973, H arrison and Steinan, 1978, H ay and Wiggins, 1980, K lappa, 
1980, Blumel, 1981, and A rakel and M cConchie, 1982). Two features 
described in o ther pedogenic calcretes, but uncom m on in the study area  are 
pisolites and nodules.
5PREVIOUS W ORK
Pedogenic carbonate precipitation has occurred in arid regions 
throughout geologic time and, in part, is indicative of past climate. W right 
(1982) described pedogenic calcrete deposits from  the Early Carboniferous 
of South W ales and reviewed o ther studies of ancient pedogenic calcretes. 
Indurated  pedogenic carbonate deposits of Pliocene to Pleistocene age form 
the 78,000 km^ caprock of the Llano Estacado of Texas (Brown, 1956; 
Reeves, 1970) and also cap M orm an M esa in N evada (G ardner, 1972).
D eposition of pedogenic carbonate occurs wherever the topographic 
surface is stable, where calcium carbonate is available to soil water, and 
w here the clim ate perm its evapotranspiration to exceed net precipitation 
(Reeves, 1976). Pedogenic carbonate forms from  the downward m ovem ent 
and evaporation of rainw ater that contains dissolved calcium carbonate. 
Calcium  bicarbonate in solution moves downward each time the soils are 
w etted and calcium carbonate is precipitated upon drying. Pedogenic 
carbonate tends to accum ulate in the lower part of the zone that is w etted 
frequently under existing climatic conditions and occurs in places most 
accessible to percolating water: the surface of grains, the interiors of still 
pervious pedogenic carbonate accum ulations, and along channels form ed by 
roots and soil fauna (Klappa, 1980: Giles and others, 1981).
T he following processes summ arize the form ation of pedogenic 
carbonate.
1. A  deposit containing prim ary CaCC> 3 in the parent m aterial, with 
repeated  wetting and drying, will have calcium transported  in 
solution and reprecipitated as C aC O j at some depth beneath  the 
surface. The depth is dictated mainly by m ean annual precipitation
6and the infiltration potential of the deposit (Arkley, 1963; G ile and 
others, 1966).
2. If little or no prim ary C aC C ^ is present as paren t m aterial, th ree  
o ther processes may be responsible for pedogenic carbonate 
accum ulation:
(a) calcium -bearing m inerals, such as feldspar, release calcium  
upon w eathering (G oudie, 1973) that com bines with H C O 3 - to 
form  C aC O j as the H 2 O  is lost by evapotranspiration;
(b) calcium, dissolved in rainw ater (Junge and Werby, 1958) can 
en ter the deposit and be precipita ted  as C aC C ^;
(c) solid CaCC> 3 can be transported  and deposited as eolian  dust 
(G ile and others, 1971) and subsequently be leached and 
reprecipitated .
Although the R ed Rock Canyon fan is com prised of calcareous paren t 
alluvium, all four processes operated  together in the form ation of its 
pedogenic carbonate horizons. R ates o f accum ulation may be extrem ely fast 
for the local clim atic regime, however, because of the abundance of CaCC> 3  
available in the paren t alluvium for solution and reprecip itation  in the soil.
G ile and others (1966) and Bachm an and M achette (1977) 
dem onstrated  that pedogenic carbonate accum ulations occur in a sequence 
of distinct, m orphological stages that reflect increasing soil age and am ount 
o f the authigenic carbonate (Table 2). Continued accum ulation in gravelly 
host m aterials generally proceeds from  coatings on pebbles (Stage I and  II), 
to segregated filam ents and pellets (Stage III), to massive accum ulations that 
plug the soil horizons (Stage I V + )  (Fig. 2).
7TABLE 2. Stages of pedogenic carbonate morphology observed in 
calcic soils and pedogenic calcretes developed in gravelly parent 
m aterials (modified from Giles and others (1966) and Bachman and 
M achette (1977). Stage IV + is the maximum pedogenic carbonate 
morphology recorded for the R ed Rock Canyon fan. Pisolites are 
absent from  any of the soil profiles studied.
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8FIGURE 2. Schematic diagram  of the diagnostic morphology of the stages of 
pedogenic carbonate horizon form ation in gravelly m aterials. Pedogenic 
carbonate accum ulation is indicated by black forms and shading for clarity 
(after Giles and others, 1966).
9In the southwestern U nited States, the rate of pedogenic carbonate 
accum ulation was shown by M achette (1985) and Giles and others (1981) to 
be controlled by two m ain factors: (1) the supply of calcium to the soil, and 
(2) the am ount of rainfall available to move calcium into the soil. The Red 
Rock Canyon alluvial fan, composed of calcareous paren t m aterial and, 
therefore, an abundant supply of calcium, but with an annual precipitation of 
only 10 cm (4 inches), is classified as a m oisture-lim ited area. A 
moisture-lim ited area has an excess supply of calcium relative to a limited 
am ount of rainfall. The potential rate of pedogenic carbonate accumulation, 
therefore, is limited because all the available calcium cannot be translocated 
into the soil.
Climatic change has a considerable effect on the rate and depth of 
pedogenic carbonate accum ulation in m oisture-lim ited areas. It has been 
dem onstrated by M achette (1985) and Giles and others (1981) that calcic 
soils in these areas form ed m ore slowly and at shallower depths during the 
H olocene than in the cooler, dam per, pluvial phases of the Pleistocene. This 
relationship occurs because a substantial increase in m oisture allows m ore 
calcium to be leached to a greater depth and increases the rate of pedogenic 
carbonate accum ulation (M achette, 1985; Giles and others, 1981).
TERM INOLOGY
The literature describing "calcium-rich" soils is extensive, but as a 
result of inconsistent usage over the years, the nom enclature has becom e 
confusing. The terms and their definitions used in this report follow.
Calcic soil: A soil profile that contains a horizon of authigenic (pedogenic) 
calcite accumulation in which calcite may fill the voids
10
(Stage I to III morphology), but does not displace the host m aterial 
(Bachm an and M achette, 1977).
Calcrete: A  term  initially suggested by Lamplugh (1907) and used to 
designate a soil profile that contains a K horizon (see below) of dom inantly 
pedogenic calcite (Stage IV morphology) that is dense and strongly cem ented 
(Bachm an and M achette, 1977).
Caliche: A term  coined by Blake (1902) that has been broadly applied to 
deposits of pedogenic calcite of various origins, irrespective of geom orphic 
and stratigraphic relations, physical and chemical properties, and genesis.
The term  has been replaced by m ore specific nom enclature. See calcrete. 
Solution-faceted clasts: Lim estone clasts with upper surfaces that have been  
dissolved by downward moving w ater (Bachm an and M achette, 1977). These 
dissolved clasts are only found in soils with well developed (Stage III to 
I V + )  calcic or pedogenic calcrete horizons and are m ore deeply etched in 
older soils. The dissolved calcium carbonate is precipitated as a light-colored 
pedogenic deposit on the lower part of the clast and is different in texture 
from  the carbonate host. Solution-faceted clasts are most commonly found 
incorporated in the desert pavem ent (Fig. 3) and in cem ented alluvium. Not 
all lim estone clasts are affected, but, in general, solution-faceted clasts are 
most abundant in well-sorted parent alluvial beds.
K Horizon: A soil horizon so im pregnated with calcium carbonate that its 
morphology is determ ined by the pedogenic carbonate. Fine-grained 
authigenic calcite coats or engulfs all prim ary grains in a continuous m edium. 
In a K horizon, K-fabric makes up 50 percent or m ore of the volum e of the 
horizon. During the buildup of a K horizon, the volume of pedogenic calcite 
eventually exceeds the original volume of pore space forcing the m aterial 
apart and forming a plugged horizon (Gile and others, 1965).
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FIG U RE 3. Solution-faceted lim estone clasts cem ented  in  b roken  pedogenic 
calcrete slabs incorporated  in desert pavem ent.
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Structural term s used in conjunction with K Horizons were developed 
by Bachman and M achette (1977) and are listed in order of increasing 
thickness in the study area.
Pellets: Pellets are small (0.5-2 mm) balls of structureless micrite. 
They commonly are distributed in the soil w here roots are present and 
are found clinging to roots. Form ation of larger (1-5 mm), rounder 
pellets in the K horizon also seems to be initially associated with 
roots and root microorganisms (Klappa, 1980; Sowers, 1985). Ooids, 
small (0.5-2 mm), roundish bodies that consist of nucleus coated with 
layers of pedogenic calcite, are classified with pellets in this report. 
Lam inae: M edium  to light-gray, pedogenic calcite layers that are 
less than 10 mm in thickness. Lam inae are typically 1-3 mm thick and 
may occur as simple couplets or m ultiple sets of three or more 
(Fig. 4). Form ation of num erous lam inae suggests that accretion of 
the pedogenic carbonate is an episodic process, reflecting many 
wettings and subsequent pedogenic carbonate precipitation upon 
dryings. Lam inae occur as discontinuous caps on tabular or massive 
pedogenic calcrete and are usually found in well developed, plugged 
pedogenic carbonate horizons. They are very fine-grained to micritic 
and usually occur on horizontal surfaces, but may fill fractures as 
veinlets.
Platy layers: Thin layers of alluvium cem ented with calcium 
carbonate, usually less than 15 cm thick, situated in the upper part of 
a plugged zone. They are usually well cem ented and are best 
developed where exposed to surface w eathering (Fig. 5).
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FIG U R E 4. Photom icrograph of pelletal and  lam inated  calcrete. An 
u naltered  lim estone clast (a) th a t is coated with subhorizontal m icrite to 
m icrosparite lam inae (b) and surrounded by pe lle ta l calcrete (c), which 
exhibits a clotted texture. T he w hite specks a re  silt-size quartz grains. 
Cross-nicols with blue filter fo r clarity. Scale bar = 0.5 mm.
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FIG U R E 5. Platy, cem ented alluvium  exposed in a  wash. This platy fabric is 
best developed in w ell-sorted, gravelly beds tha t a re  exposed to surface 
w eathering.
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T abu lar layer: W ell-cem ented alluvium layers that range from 
2-25 cm thick. Layers are lenticular, blocky, discontinuous, and 
irregular in cross section.
M assive layers: W ell-cem ented layers of pedogenic carbonate 
that are commonly m ore than 25 cm thick and show no evidence of 
internal structure.
The K Horizon exhibits four distinct textures that were described by 
Sowers (1985) and Sowers and others (1988) and are listed in order of 
abundance in the study area.
Cemented alluvium  is alluvium in which pedogenic carbonate 
has precipitated in the intergranular voids. Massive authigenic calcite 
fills the voids between the grains and forms thick (1-2 cm) coatings on 
the bottom  of clasts (Fig. 6). Some prim ary porosity is preserved due 
to incompletely filled intergranular voids, cracks or joints, large root 
holes, and secondary porosity is produced where the tops of lim estone 
clasts are partly dissolved. The degree of cem entation is dependent 
upon the grain size, sorting of alluvial beds, and position in the soil 
profile. Strongly cem ented alluvium is most commonly found in 
coarse-grained, well-sorted alluvial beds that occur beneath  and 
betw een pedogenic calcrete layers.
L am inar calcrete is dense, almost pure pedogenic carbonate 
that occurs in lam inated sheets on m aterials of very low perm eability 
(Fig. 7). It is an im portant elem ent of the profile, although it does not 
form thick layers. Num erous layers of lam inar calcrete, 0.2 m m  to 
2 cm thick, commonly occur in a single profile. Lam inar calcrete may 
cap cem ented alluvium, separate o ther pedogenic calcrete layers, line
FIG U R E  6. C em ented  alluvium  and pelle ta l calcrete exposed in a wash. 
P e lle ta l calcrete (a) is com posed o f clo tted  m icrite, and its d istribu tion  is 
associated  w ith roots and associated organism s. Strongly cem ented  alluvium  
(b) is m ost com m only found b en ea th  and  betw een  calcrete layers.
17
FIG U R E 7. T hin  plates (0.8-4.0 cm) of lam inar calcrete exposed a t the 
surface.
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cracks, form  coatings on the bottom  of clasts, and occur as veins or 
stringers throughout the K horizon.
Pelletal calcrete is dom inantly pedogenic carbonate that 
occurs in layers consisting of 10 to  80 percent carbonate pellets 
suspended in a fine-grained carbonate matrix. In  these layers, there  
are  continuous gradations from  pelletal calcrete to cem ented pellets 
and loose pellets. The origin o f the pellets is unknown (Braithw aite, 
1983), but they are associated with root cracks and occur as crack 
filling and thin veins or stringers in the K horizon (Fig. 6).
Expanded alluvium  consists o f detrital grains supported by an 
authigenic carbonate matrix (Fig. 8). This texture is the result of 
e ither displacive crystallization, veining, o r replacem ent o f previous 
supporting m aterial. T he expanded alluvium has a micritic calcite 
cem ent, little porosity, and contacts betw een cem ent and detrital 
grains are sharp, m arked by brownish lam inae.
Porous m assive calcrete is dom inantly pedogenic carbonate 
with fine tubular porosity (Fig. 9). T he pores are 0.25 to 1 mm in 
d iam eter and m ake up 5 to 20 percent of the pedogenic calcrete. It 
forms in stringers and thin layers from  the precipitation of pedogenic 
carbonate in the presence of roots and m icroorganism s (K lappa, 
1980). T here  are continuous gradations betw een porous massive 
calcrete and pelletal calcrete.
SETTING O F THE RED RO CK  CANYON ALLUVIAL FAN 
GEOLOGY
T he R ed Rock Canyon alluvial fan lies approxim ately 16 km
19
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FIG U R E  8. E xpanded alluvium  exposed near the  surface. T he expanded  
alluvium  (above th e  scale) contains sand grains and  carbonate  clasts th a t 
ap p ear to  "float1 in  a  pedogenic carbonate  m atrix. Pedogenic carbonate  
deposition , therefo re , has expanded the distance betw een  the grains.
20
FIG U R E 9. W ell developed porous massive calcrete (above ham m er in 
photo) exposed in  a  wash. This calcrete tends to b reak  along lam ination  to 
form  crude plates 5 to 10 cm thick. Roots often  p enetra te  the cracks 
betw een p lates and line vertical joints.
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(10 miles) west o f Las Vegas, Nevada (Fig. 1). Alluvium comprising the Red 
Rock Canyon fan consists of 75-80 percent carbonate clasts derived the 
adjacent outcrops (Fig. 10). Sedim ent ranges in size from boulders m ore than 
a m eter across down to silt-size grains. The rem ainder of alluvium is derived 
from siliciclastic rocks and cherts of the same age that also crop out locally 
(Fig. 10).
The structural geology of R ed Rock Canyon and surrounding Spring 
M ountains is complex and includes several periods o f Paleozoic deform ation, 
Mesozoic thrust faulting, and Cenozoic normal faulting (Axen, 1984; 
Burchfiel and others, 1988). The structure of the area  has a m arked effect on 
the topography. The Wilson Cliffs that form the head of Red Rock Canyon 
contain two m ajor thrust faults (Fig. 10 and Fig. 11). The lower, Wilson 
Cliffs thrust, consists of im bricate thrusts, isoclinal folds, and a folded thrust 
surface that places the Cam brian Bonanza King Form ation above Jurassic 
Aztec Sandstone. The Wilson Cliffs thrust and the R ed Springs thrust to the 
northeast are in terpreted  to be discontinuous segments of the same fault that 
was broken by high-angle faults and subjected to erosion prior to being 
overridden by the Keystone plate (Axen, 1984). The higher of the two thrusts 
is the true Keystone thrust that places the Bonzanza King Form ation above 
younger C am brian rocks of the Wilson Cliffs Plate. The Keystone thrust 
comprises a panel of essentially undeform ed lower Paleozoic rocks 
(Burchfiel and others, 1988). The narrow, steep, w estern part of the canyon 
is separated from the m ore open eastern part by differential erosion along 
the scarp of the La M adre Fault.
PHYSIOGRAPHY, DRAINAGE, AND GROUNDWATER
The R ed Rock Canyon alluvial fan is part of a complex alluvial apron
22
FIG U RE 10. Aerial photograph and table of bedrock units that form 
the head of Red Rock Canyon, Nevada.
JURASSIC Ja Aztec Sandstone
TRIASSIC Trm Moenkopi Formation
PERMIAN Pk Xalbab and Toroweap Fms.
Pr Red Beds
PENNSYLVANIAN Pb Bird Spring Formation
MISSISSIPPIAN Mm Monte Cristo Limestone
ORDOVICIAN Ou Mountain Springs Fm. and 
Pogonip Group
DEVONIAN Ds Sultan Limestone
•€n Nopah Fm. and Dunderberg
CAMBRIAN Shale
€b Bonanza King Formation
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FIG U R E  11. M ajor structural units in the eastern  Spring M ountains (a fte r 
B urchfiel and others, 1988). T he R ed  Rock Canyon fan (stippled  p a tte rn ) is 
located  at the m id-eastern  edge of the map.
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of coalesced fans flanking the western and northern sides of the Spring 
M ountains (Frontispiece). M odern drainage on the fan is of two types:
(1) large fan-building washes, such as the R ed Rock Canyon W ash and 
Flam ingo Wash, that head in the Spring M ountains and flow eastward, and
(2) sm aller gullies and rills, all of which head on the fan surface and are 
tributary to the fan- building washes. The total area of the tributary basin is 
369 km^ (144 sq miles), of which 253 km^ (99 sq miles) consists of alluvial 
deposits and adjacent talus and 115 km^ (45 sq miles) of bedrock outcrop 
(Cooley and others, 1973). M aximum relief in the study area is 609 m 
(2000 ft) from 1341 m (4400 ft) at the northw estern edge of the canyon to 
732 m (2400 ft) near the toe of the fan. The most easily defined, central 
portion  of the Red Rock fan encompasses 98 km-  (38 sq miles) of the m edial 
and distal portions of the bajada complex and is wholly within the Blue 
D iam ond NE 1:24,000 Q uadrangle.
G roundw ater in the study area is recharged by precipitation in the 
Spring M ountains, and the w ater table is estim ated to be at an average of 
61 m (200 ft) in depth at the m edial portions of the fan rising to 46 m 
(150 ft) near the toe of the fan (Cooley and others, 1973). A shallow water 
table, therefore, does not influence pedogenic carbonate form ation in the 
study area.
CLIM ATE AND VEGETATION
The climate of the Las Vegas area is similar to most of the arid and 
semi-arid southwestern U nited States because the precipitation occurs within 
two, well-defined rainy seasons. During the winter, w idespread, low intensity, 
cyclonic storms produce about two-thirds of the 10 cm (4 inches) of average
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annual precipitation recorded at M cCarren International A irport (elevation 
659 m) (NOAA, 1985). Brief, high-intensity convectional storm s that occur 
in sum m er account for about one-third of the average annual precipitation 
(Cooley and others, 1973).
Precipitation records from  a w eather station at an elevation of 2000m 
(6560 ft) on Red Rock W ash show an average annual precipitation of 
approximately 18 cm (7 inches). A nnual precipitation of 20 cm (8 inches) 
occurs on the Wilson Cliffs and L a M adre M ountains. T he average annual 
tem perature  of Las Vegas, 610 m (2000 ft) elevation, is 19.1°C (66°F), and at 
the Kyle Canyon R anger station, 2130 m (7000 ft) elevation, the average 
annual tem perature is 10°C (50°F). Tem perature extrem es at low elevations 
may reach 46°C  (115°F) in the summer, and -9°C (15°F) in w inter (NOAA, 
1985).
V egetation is dom inated the creosote bush community that is 
restricted to alluvial slopes w here the w ater table is at considerable depth. In 
general, plants are widely spaced with patches of bare ground up to 19 m 
(60 ft) separating individuals. As defined by Bradley and D eacon (1967), the 
creosote bush (L arrea tridentata) community contains w hite-bur sage 
(Franseria sp.), M orm on tea (E phedra sp.), burrobush (F ranseria  dum osah 
saltbrush (Atriplex sp.), little rabbit brush (Chrvsothamnus stenophvllus). 
sacaton (Sporobolus wrightih  and Spanish bayonet (Yucca m ohavensis).
QUATERNARY FAN EVOLUTION
Alluvial fan evolution in the southern G reat Basin is one of 
discontinuous progradation (Allen, 1965; Bull, 1968; Denny, 1965; Hooke, 
1967; Sowers, 1985). The effects of episodic shifts in climate from semiarid 
or arid interpluvial conditions, to m ore mesic pluvial periods, resulted in the
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form ation of a stepped sequence of graded surfaces. The sequence of 
surfaces suggests a succession of long intervals of landscape stability that 
encouraged soil form ation alternating with shorter episodes o f surface 
instability and w idespread erosion and sedim entation.
Alluvial aggradation and degradation events are controlled by the 
fluvial system that can be divided into three zones: erosion, transport, and 
deposition (Fig. 12). T he transport zone is defined as the intersection point 
o f successive longitudinal profiles (Bowman, 1978) and its position is 
dependent upon the balance betw een rates of sedim ent supply and removal. 
P rogradation of the alluvial fan is based on changes in the position of the 
transport zone.
O n the R ed Rock Canyon fan, the transport zone has m igrated 
through tim e moving the locus of deposition of alluvial fan deposits to the 
east. This has resulted in the entrenchm ent of upper fan deposits in the west 
and construction of a new fan further downstream . As it p rograded eastward, 
the growing fan then rew orked and buried  older fan m ateria l (Fig. 13).
M ETH O D S O F INVESTIGATION
Calcic soils and pedogenic calcretes developed on the R ed Rock 
Canyon alluvial fan w ere studied to quantify changes in their m orphological 
developm ent and pedogenic carbonate accum ulation through tim e. R elict 
alluvial fan surfaces of differing ages provide a chronosequence of soils 
through which calcrete developm ent was observed. A  chronosequence is a 
series of related soils w here all soilforming factors (paren t m aterial, 
topography, climate, and vegetation) are held constant, with the exception of 
tim e (Bachm an and M achette, 1977). Four techniques w ere em ployed
27
intersection point
EROSION TRANSPORT DEPOSITION
FIG URE 12. Schematic diagram of the positions of the erosion, transport, 
and deposition zones of a prograding fan (after Bowman, 1978; Sowers and 
others, 1988).
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(1) field and aerial photograph mapping to establish surfaces and 
stratigraphy,(2) field sampling and profile m easurem ent, (3) petrographic 
analysis to determ ine soil morphology and mineralogy, and (4) laboratory 
techniques to determ ine the am ount of pedogenic carbonate accumulation. 
N ine soil profiles were sampled and m easured in the field, and ninety 
polished slabs and sixty-two thin sections were examined in the laboratory.
AERIAL PHOTOGRAPHY
As pedogenic carbonate forms on the surfaces of pebbles, a lighter 
tone develops that becomes m ore pronounced with age and increasing 
thickness (Lattm an, 1971). Color photography emphasizes subtle differences 
in tone and was found to be m ore useful than black and white photography 
when determ ining relative ages am ong the surfaces.
T he original color of the fan m aterial was m agenta, apparently the 
result of a light, iron staining of the desert pavem ent. Surficial pedogenic 
carbonate accumulations on pebbles produces a buff color that becam e m ore 
pronounced with time. Presently active washes appear bluish-gray because 
the bed m aterial is discontinuously in motion and abrasion prevents 
accum ulation of carbonate coatings. O lder surfaces, which are defined and 
discussed subsequently, each have a distinctive color. Surface 3, which is 
older than active Surface 4, exhibits a brownish-magenta color; Surface 2, the 
next oldest surface, is light buff in color with a light m agenta overcast; and 
Surface 1, the oldest recognized surface, is a very light buff w ithout m agenta 
overcast (Fig. 14).
Color and relief, when viewed in stereo, becam e the basis of 
photogeologic maps that were checked by field mapping. M ap units and
30
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F IG U R E  14. A erial photograph of the R ed  R ock Canyon fan with locations 
o f Surfaces 1-4 and  soil profiles 1-9 exam ined for this study.
31
their descriptions w ere based on those used by W eide and M cDonnell in 
developing the geologic map of the Blue D iam ond SE Q uadrangle (in 
preparation).
FIELD  W ORK 
Sam pling Techniques
Field work consisted of mapping surfaces and soils and describing soil 
profiles. D etailed profile descriptions, sampling of horizons, and laboratory 
analysis of particle-size distributions were perform ed at two pipeline trenches 
and two natural exposures (Fig. 14). Profile descriptions from five additional 
exposures supplem ented the detailed analyses (Fig. 14). Channel sampling 
was employed along a continuous vertical section throughout each profile. 
This sampling was to avoid combining different horizons that could obscure 
im portant changes in pedogenic carbonate content (H arden, 1986). W here 
possible, sampling was continued to approximately 5 m (15 ft) in depth.
Soil Development Index
Q uantified m easurem ents of soil developm ent are based on an index 
published by H arden (1982) and subsequently m odified by Sowers and others 
(1988). This index was used to describe the soil profiles on Red Rock fan. 
The H arden  Index, which combines five soil field properties with soil 
thickness, was designed for soils in the northern  San Joaquin Valley of 
California. Sowers and others (1988) checked its general applicability by 
testing it on the Kyle Canyon fan (Fig. 1). The five soil properties used in the 
H arden Index w ere color, degree of cem entation, texture, percentage of 
gravel, and stage of pedogenic carbonate morphology.
The three soil-color properties of hue, value, and chrom a change as 
the soil develops. The Munsell Soil Color Chart (1975) was used to quantify
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th ese  changes and  m oist an d  dry colors fo r each  h o rizo n  w ere  reco rd ed . 
G en era lly  w ith increasing  pedogen ic  ca rb o n a te  accum ula tion , th e  co lo r 
values change fro m  5 Y R  5 /4  (redd ish -b row n) to  10Y R  8 /1  (w hite). 
Q u an tified  p ro p e rtie s  o f co lor lightening  an d  pa ling  as d efin ed  by H a rd e n  
and  T ay lo r (1983) w ere  sum m ed, th en  m u ltip lied  by th e  p ed o g en ic  c a rb o n a te  
m orphology  stag e  as defined  by B achm an  and  M ach e tte  (1977) (Fig. 15).
S tru c tu re  o f soil horizons, w as d escrib ed  in th e  fie ld  as (1) strong ly  
cem ented  w h ere  th e  layers o f ca rb o n a te  cem en ted  gravel b ro k e  th rough  
clasts w hen  s tru ck  w ith a  h am m er, (2) m o d era te ly  cem ented  w here  the  clasts 
w ere  kno ck ed  o r p ried  o u t w ith a  ham m er, and  (3) w eakly cem ented  w here  
clasts m ay be p u lled  o u t by hand .
G rav e l p e rcen tag es  fo r each  horizon  w ere  d e te rm in e d  by using a 25 
po in t g rid  w ith  4 cm  spacing  (H ard en , 1986). T h e  assignm ent o f C aC O ^ 
m orpho log ic  stages (T ab le  2) follow s th e  classification  schem e o f B achm an  
and  M ac h e tte  (1977).
T ex tu re  was d e te rm in e d  in  lab o ra to ry  by sieve analysis using th e  grain- 
size frac tio n  o f  less th an  2 m m . T h ree  T y ler sieves an d  one p an  w ere  u sed  in 
this frac tio n ’s analyses:
# 1 0  > 2.00 m m  - g ravel frac tio n  (n o t used)
# 8 0  2.00 m m  to  0.18m m  - sand  frac tio n
# 2 0 0  0.18 m m  to  0.075m m  - silt frac tio n
P a n  < 0.075 m m  - clay frac tio n
P E D O G E N IC  CA RBO N A TE D E T E R M IN A T IO N S
T h e  ra te  o f p ed o g en ic  ca rb o n a te  accu m u la tio n  can  b e  used  to  
e s tim ate  re la tiv e  age o f a soil by d e te rm in in g  th e  am o u n t o f p ed o g en ic  
c a rb o n a te  c o n ta in ed  in the  soil profile  (M ach e tte , 1985). A  ch ro n o seq u en ce
33
FIG U RE 15. D iagram m atic sketch for deriving properties of soil color with 
paren t m aterial color o f 5YR 5 /4  and stage of pedogenic carbonate 
m orphology for soils developed on the Red Rock Canyon fan (after H arden  
and Taylor, 1983).
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of four soils was chosen for analyses, RRC88-6, RRC88-8, RRC88-1, 
RRC88-3, from  Surfaces 4, 3, 2, and 1 respectively (Fig. 14). A ll soils are  
form ed in gravelly lim estone alluvium, occur at elevations of approxim ately 
853 m (2800 ft) along the R ed  Rock W ash, and share the sam e clim ate and 
vegetation  zones. L aboratory  work included sam ple p reparation , bulk 
density m easurem ents, and petrographic analyses o f thin sections and slabs to 
determ ine m ineralogy and am ount o f pedogenic carbonate.
S am ple P rep ara tio n
Sam ple p repara tion  began with weighing each sam ple and allowing it 
to air-dry for th ree days. U pon  reweighing, m oisture con ten t was found to be 
less than  one percent for m ost sam ples. Strongly cem ented  sam ples w ere 
im pregnated with epoxy and cut for thin sections.
M ineralogy
T he m ineralogical content o f 31 sam ples from  different profile 
horizons was determ ined  by petrographic analysis o f 62 thin sections. These 
analyses w ere supplem ented  by X-ray diffraction m ethods perform ed on 20 
sam ples using the insoluble residue obtained after digesting a sam ple with 
5 percen t glacial acetic acid, for four hours, at a tem p era tu re  o f 40°C  
(Sowers and others, 1988). This p rocedure was to insure that no clay peaks 
w ere m asked by coatings o f pedogenic carbonate.
B ulk Density M easurem ents
M easurem ents of bulk density w ere m ade by two techniques. 
W ell-cem ented sam ples (K  horizons) w ere dried and paraffin  coated, and 
their bulk density determ ined by the w ater d isplacem ent m ethod o f Singer 
(1986). In poorly cem ented horizons, a  calibrated (100 cm ^) sam pling tube 
was driven into a p repared  face of the soil and the resu ltan t volum e was 
dried and weighed. D irect calculations of the bulk density w ere then  m ade.
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M easurem ents ranged from 1.8 to 2.5 g/crn^ and included the pebbles and 
clasts of the field sample.
Visual D eterm inations
Because of problem s encountered in determ ining the am ount of 
pedogenic carbonate in soils derived from calcareous paren t m aterial,
Sowers and other (1988) developed a visual technique for quantifying 
am ounts of pedogenic carbonate present in a given profile. Prim ary 
carbonate can be distinguished from pedogenic carbonate in thin sections 
and slabs by color, porosity, and texture (Fig. 16a).
The visual technique required sieving, crushing, and resieving a 
representative sample of each horizon into fractions of less than 2 mm 
(natural fines and crushed fines) and m ore than 2 mm (crushed coarse)
(Fig. 16b). The natural fines and crushed fines were set in epoxy, cut into 
small rectangles, then slabbed and polished into thin sections and point 
counted for percentage of pedogenic carbonate. The crushed coarse fraction 
was set in 250 ml plastic molds with fiberglass resin and cut into three slabs 
and point counted using a 100 point grid with 5 mm spacing (Sowers and 
others, 1988).
V an der Plas and Tobi (1965) charts for reliability of point counting 
results w ere used to determ ine the num ber of points to be counted. Four- 
hundred points were counted on each thin section. W ith 95 percent 
confidence and an error margin dependent on the percentage of pedogenic 
carbonate present in the horizon, 10 percent pedogenic carbonate will have a 
maximum error of ± 3  percent; 70 percent pedogenic carbonate will have a 
maximum error of ± 4 .5  percent. Three-hundred points were cumulatively 
counted on three crushed coarse slabs for each horizon. W ith 95 percent 
confidence, 10 percent pedogenic carbonate will have a maximum erro r of
36
FIG URE 16a. Param eters for differentiation betw een prim ary and 
pedogenic carbonate (after Sowers and others, 1988).
FIG U RE 16b. Sam ple p reparation  for visually determ ining the 
am ount of pedogenic carbonate in a soil profile (after Sowers and 
others, 1988).
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± 3 .5  percent and 70 percent pedogenic carbonate will have a maximum error 
of ± 5  percent.
Calculations to compute the am ount of pedogenic carbonate present 
in a soil profile were perform ed as follows, 
horizon n= m ax 
(CFn )-(cfn) + (N Fn)-(nfn) + (CCn)-(ccn )-(Tn )-(Bn) = cS 
C F =%  pedogenic carbonate in the crushed fines fraction 
N F = %  pedogenic carbonate in the natural fines fraction 
CC = %  pedogenic carbonate in the crushed coarse fraction 
cf=w eight %  crushed fines in the soil horizon 
n f= weight %  natural fines in the soil horizon 
cc=w eight % crushed coarse in the soil horizon 
T  = thickness (cm) of the soil horizon 
B = bulk  density (g/crn^) of the soil horizon 
cS = am ount of pedogenic carbonate (g /cm z )
C hittick  Analysis
It was impossible to visually distinguish pedogenic non-calcite from 
pedogenic calcite in the natural fine fraction of the upper horizons of all the 
soils studied. This difficulty is a result of pedogenic carbonate coatings on 
the very fine silt- and clay-size fractions of grains present. For these 
horizons, percent pedogenic carbonate was determ ined by subtracting the 
percent prim ary carbonate obtained by point counting, from the percent total 
carbonate obtained by the wet chemical Chittick m ethod (Dreim anis, 1962). 
The Chittick device m easures the evolved carbon dioxide gas obtained when 
a sample is dissolved by 6 N hydrochloric acid. C arbonate content was 
calculater’ Tom  the volume of evolved gas (corrected to conditions of 
standard tem perature and pressure), dry sample weight, and m olecular
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weight of calcium carbonate. A simplified equation for percent CaCO J was 
designed by M achette (1986) that incorporates the correction factor.
. percent CaCCp = [V /W  x p ressure(m m )/(°C  + 273)] x 0.16 
where V = volume of gas evolved 
W = weight of the sample
To enhance the precision of the analyses, ground samples with a  grain 
size less than 0.075 mm were used. Previous estim ations of carbonate 
content were utilized to determ ine the am ount of sample to produce the 
maximum volume of gas. Individual Chittick analyses required a maximum 
of 0.7 g for samples containing 70 percent carbonate and 5.0 g for samples 
containing 10 percent carbonate. On the basis of tests by M achette (1986), 
two thirds of the analyses (the sample population within one standard 
deviation) of soil samples with 50 percent CaCO^ should be accurate within 
+.1.0 percent CaCO^.
THE RED ROCK CANYON FAN
ALLUVIAL SURFACES
Four main surfaces on the R ed Rock Canyon fan were delim ited on 
the basis of surface color and texture, degree and nature of dissection, 
relative vertical position, and degree of soil developm ent (Christenson and 
Purcell, 1985) (Fig. 14). Their features were summ arized in Table 1. W hen 
the internal structure of the fill was examined in deep erosional channels, no 
evidence of a major, regional unconformity was seen. The term  "fill", as used 
here, refers to the original, high level deposits in Red Rock Canyon. Small 
unconform ities caused by lateral stream  migration, however, are common, as
39
would be expected on an alluvial fan that aggraded discontinuously 
(Lattm an, 1971).
T he four alluvial surfaces are ranked sequentially in age based on 
elevation and topographic position; the highest surface is the oldest, the 
lowest surface is the youngest. W hether a surface is presently aggrading or 
eroding is determ ined  on the basis of type of surface drainage and 
m orphology (C hristenson and Purcell, 1985). Y ounger surfaces support a  
netw ork of closely-spaced, braided channels that tend to distribute ra th er 
than coalesce down the surface of the fan. T he depth of these channels is 
generally less than one m eter and interm ittent, faint, high w ater lines form ed 
by organic debris and trash indicate they flood laterally during periods of 
high runoff. In contrast, older, higher, surfaces currently undergoing erosion, 
are m arked by incised dendritic channel networks with relatively parallel 
first-order rills. The depth  of incision generally increases with age, and the 
am ount of original fan surfaces betw een incised channels generally decreases 
with age. T he older of the interm ediate-age surfaces is deeply incised, but 
still retains m ost of the original fan topography. In contrast, the oldest 
surfaces have practically no original fan surface preserved and have 
interfluves that consist of subparallel ridges (Christenson and Purcell, 1985).
U sing the above criteria, the four surfaces recognized on the R ed 
Rock Canyon fan were num bered in o rder of decreasing age. Longitudinal 
profiles, together with soil cross-cutting relationships and the geom etry of 
surface rem nants, indicate that Surface 1 and 2 are erosional surfaces,
Surface 3 is in equilibrium , and Surface 4, the youngest, is currently 
aggrading (Fig. 17).
Surface 1 is the oldest surface preserved in R ed Rock Canyon and is 
not parallel with the alluvium on which it is developed. O ne line of evidence
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FIG U RE 17. Schem atic longitudinal profile across the study area  that 
illustrates the progradation of the fan through tim e from Surface 1 to 
active Surface 4 (Fig. 14). Surfaces were reconstructed on Blue 
Diam ond, 1:24,000, quadrangle and relative slopes of surfaces and 
vertical scale are  exaggerated. Soil profile locations are shown in 
Fig. 14.
a. Soil Profile RRC88-2
b. Soil Profile RRC88-7
c. Soil Profile RRC88-6
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that a surface is of degradational ra ther than aggradational origin is that the 
topographic surface, buried or exposed, truncates bedding in the gravels on 
which it is developed; an aggradational surface follows the bedding 
(Lattm an, 1971). Surface 1 occurs as isolated terrace rem nants (ballenas) 
that slope toward the valley axis. The present rem nants of the surface are 
deeply w eathered and blocks of broken pedogenic calcrete are in transit 
across the surface toward the present drainage channels (Fig. 18). These 
rem nants are extensively gullied and have broad, rounded cross-sectional 
profiles (Fig. 19). Local relief is 15 m (50 ft) at the w estern edge of 
Surface 1, decreasing southeastward to 8 m (25 ft) w here the active gullies 
flow into the Red Rock Wash.
Surface 2, occupying a large percentage of the central fan, is the 
second oldest and most completely preserved erosional surface on the fan. It 
partly onlaps Surface 1 (burying the swales and leaving the ridge tops 
exposed), and, on the east, grades im perceptibly into Surface 3. This surface 
is subdiveded into two units (2a and 2b) that are differentiated by the 
presence or absence of surficial and near surface soil horizons. In general, 
Surface 2 cuts across bedding in the alluvium and contains a well-developed 
gully network. M ost of these gullies head on the surface and are older and 
sub-parallel to the present drainage. They are broad, shallow depressions for 
p art of their extent, developing steep-sided trenches near their mouths.
Cross profiles of Surface 2 indicate little, if any slope, toward the canyon axis; 
only a slope toward the east. Lack of slope toward a valley axis indicates that 
valley-side pedim entation was not a m ajor factor in the form ation of this 
surface (Lattm an, 1971).
Surface 3 is developed on the m edial and distal portions of the fan, 
and exhibits smooth, flat surfaces that slope towards the east. A lthough the
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FIG U R E 18. A  wash exposure near Soil Profile RRC88-3 (Fig. 14) that 
dem onstrates erosion of blocks, m ore than 1 m in width, from  the K horizon.
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F IG U R E  19. R ap id  incision of the R ed  Rock W ash (w here vehicle is 
p ark ed ) has behead ed  a  tributary  channel running through Surface 1 
rem nants, producing a  "hanging valley" in a  desert wash.
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creosote bush com m unity is zoned prim arily by elevation, the  density of each 
p lan t type varies from  surface to  surface w ithin the  sam e elevation  as a 
function of the am ount o f pedogenic calcrete p resen t in the surface horizons. 
V egetation  distribution of each surface was determ ined  in O ctober 1988, 
from  a lim ited num ber of random  line and quad ran t transects as outlined by 
Phillips (1959). T he g reatest diversity exists on Surface 3 w here no p lan t type 
constituted m ore than  20 percen t of the population. W here surfaces consist 
o f b roken  pieces of pedogenic calcrete incorporated  in the desert pavem ent 
(Surface 1 and 2), the m ore hardy creosote bush, burrobush, and yucca 
dom inate.
Surface 3 appears to be in equilibrium  because th ere  is no direct 
evidence of dow ncutting, such as incised gullies o r evidence of deposition. 
W hen runoff does occur, it moves as sheetflow spreading over the surface 
and overflowing from  shallow, braided  drainage channels. Surface 3 also 
exhibits a m ottled  p a tte rn  on air photos (Fig. 14) resulting from  patches of 
light-colored, loose soil with vegetation that a lternates with areas of 
dark-colored, desert pavem ent w ithout vegetation (Fig. 20). This co loration 
m ay be due to  the p reference of vegetation and burrow ing rodents for finer 
tex tured  soil (Sowers, 1985). Surface 3 consists o f a coalesced group of 
low-level surfaces o f som ew hat differing ages th a t exhibit sim ilar pedogenic 
carbonate  accum ulation. This surface is subdivided into two units (3a and 
3b) th a t are  d ifferentiated  by the percentage of A ztec sandstone clasts 
contained  in the desert pavem ent.
Surface 4, the  youngest, exhibits bar and swale m icrotopography and 
consists of active washes and adjacent low terraces, 1 m in height. Surface 4 
is presently  dissecting Surfaces 3, 2, and 1, and ephem eral runoff is rew orking 
the older deposits along the floors of active channels.
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FIG U R E 20. T he m ottled  appearance of Surface 3 on  air photos is the result 
o f a  patchw ork of darker desert pavem ent alternating  with areas o f lighter- 
colored soil with vegetation.
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SO IL DESCRIPTIONS
Six identifiable soils were developed in alluvial deposits underlying 
the four geom orphic surfaces on the Red R ed Canyon fan (Fig. 21). Their 
type and relationship to surfaces were summ arized in Table 1. D escription 
of soils is from youngest to oldest, following the developm ent of soil features 
through time. In addition, a discussion of soil taxonomy, soil parent m aterial, 
and details of landscapes at specific sites on each surface is included. Soils of 
Surfaces 4, 3, and 2, are interpreted as a strict chronosequence where all soil 
forming factors are held constant, with the exception of tim e (Bachm an and 
M achette, 1977). Surface 1 soils differ in both time and topography, having 
formed on ballenas rather than on flat surfaces.
Pedogenic carbonate content of the parent alluvium is the major 
factor in determ ining the direction of soil developm ent (G iles and others, 
1966; Bachman and M achette, 1977). Increasing age and developm ent is 
m arked by pedogenic carbonate, rather than clay, accumulation. 
Noncalcareous, argillic horizons do not form  in lim estone parent alluvium 
(Giles and others, 1981). This is a significant deviation from most soil 
developm ent because clay buildup is typically related to the length of time 
required for soil form ation.
Soils are identified by order, suborder, great group, and sub group 
according to U.S. Soil Taxonomy classification (Soil Survey Staff, 1975, 1981) 
and illustrate the transition in orders from Entisols (Surface 4) to Aridisols 
(Surface 3 ,2 , 1). Entisols display only very weakly developed soil horizons, 
w hereas Aridisols are better developed, with an ochric epipedon, and are 
defined by a torric (arid) m oisture regime w here soil is dry for m ore than six 
months out of each year. All soils are classified within the "typic" subgroup 
because they contain less than six percent organic m aterial.
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FIG U RE 21. Soils index m ap and explanation of symbols for A reas 
A-D, developed in the R ed  Rock Canyon alluvial fan.
SOIL DESCRIPTIONS
Po, - Paleorthids (Surface 1)
Po2 - Paleorthids (Surface 2a) 
contains A-B horizons 
Po3 - Paleorthids (Surface 2b)
A-B horizons removed by erosion 
Co, - Calciorthids (Surface 3a)
Aztec sandstone clasts abundant 
co2 - Calciorthids (Surface 3b)
Aztec sandstone clasts rare 
To - Torriorthents (Surface 4)
Two forms of soil nom enclature were employed because field 
observations alone are not sufficient to classify a soil. Field descriptions were 
supplem ented by laboratory quantification of soil texture and pedogenic 
carbonate accum ulation, as well as the num ber of dry days per year and 
m ean annual soil tem perature (Birkeland, 1984). In the first soil 
nom enclature, m aster horizons and subhorizons are indicated by letters and 
num bers (such as A1 or B2) used to describe soil profiles in the field. M aster 
genetic horizons are designated A, B, and K and follow the descriptions of 
B irkeland (1984). T he C horizon designates paren t m aterial horizons that 
are not genetic soil horizons.
T he A Horizon occupies the surficial position in the soil profile and 
lacks evidence, such as preserved sedim entary stratification, of C horizon 
m aterials. It is generally thin (5-8 cm) and different from the underlying B or 
K horizons in texture, color, and consistency.
The B Horizon shows a m arked alteration of paren t m aterials, distinct 
structural developm ent, mixing by roots and soil fauna, and a lack of silicate 
clay or iron oxide. In o lder soils, the B horizon contains evidence for 
abundant pedogenic carbonate redistribution in the form  of underlying 
K horizons.
T he K Horizon has a prom inent accum ulation of pedogenic carbonate 
and is defined in term s of volume of K-fabric, in which fine-grained 
authigenic carbonate occurs as a continuous m edium, and coats and 
separates skeletal pebbles, sand, and silt grains. The K horizon contains 90 
percent or m ore K-fabric. K horizon num bering (1, 2, 3) was originally 
defined by Giles and others (1965) on specific am ounts of pedogenic 
carbonate enclosing grains. To be consistent with the Soil Survey Staff
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(1981), however, consecutive numbering, with depth, of each subdivision of 
the K horizon was used.
T he second soil nom enclature consists of diagnostic surface and 
subsurface horizons that are used to define various taxa in soil classification. 
D iagnostic horizons are defined because of the lack of agreem ent on many of 
the horizon symbols (Soil Survey Staff, 1975,1981).
The ochric epipedon is a surface horizon defined by its light color, 
thinness (5-8 cm), and lack (less than six percent) o f organic carbon.
The calcic horizon (k) is a  horizon of pedogenic carbonate 
enrichm ent that has 5 percent (by volume) m ore soft, powdery pedogenic 
carbonate than  any underlying horizon. It must be at least 15 cm in thickness 
and occur within 1 m of the surface.
The calcrete or petrocalcic horizon (m) is cem ented by secondary 
carbonates and dry fragments do not slake in water. It is massive or platy, 
extremely hard when dry, and extremely firm when moist. Lam inar horizons 
are commonly present in the upperm ost part of the horizon.
T he calcic horizon is diagnostic for Aridisols called Calciorthids and 
the calcrete horizon is diagnostic for Aridisols defined as Paleorthids. Such 
Aridisols lack argillic horizons. The calcic and calcrete horizons may be 
related  to the stages of pedogenic carbonate morphology (Giles and others, 
1966; Bachm an and M achette, 1977). Horizons exhibiting late Stage II to 
Stage III pedogenic carbonate accum ulation qualify as calcic horizons, while 
late Stage III to Stage IV + horizons are defined as pedogenic calcrete 
horizons.
Surface 4 soils
Surface 4 soils consist of active channels and low (1 m) terraces that 
retain  a bar and swale microtopography. They are classified by order as
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Entisols grading into Calciorthids, and appear bluish-grey to white on air 
photos (Fig. 21 and Fig. 22). T he soils developed on Surface 4 w ere m apped 
(Speck and others, 1985) as the Jean  complex with slopes of 2-4 percent. 
Sedim ents of the active channels, Torriorthents, are stratified and contain a 
high percentage of sand and gravel. Pedogenic carbonate accum ulation is 
restricted to a few discontinuous coatings on some pebbles. A  few pebbles 
with thick coatings occur and were probably derived from some secondary 
carbonate horizon source upstream . These thickly-coated pebbles are not 
distributed in a horizon, but occur randomly throughout the channel 
sedim ents.
T he soil profile at A rea A  (Fig. 21) is classified as a Typic Calciorthid 
because of the presence of calcic horizons, gravel content of m ore than 35 
percent, and less than six percent organic carbon content (Fig. 23). Parent 
alluvium is composed mainly of limestone, dolomite, and sandstone pebbles 
and cobbles and the dom inant feature o f pedogenesis is the form ation of a 
poorly developed desert pavem ent (Fig. 24).
In gravelly m aterials, desert pavem ent form ation is rapid and usually 
a ttributed  to  deflation, erosion of fine-grained m aterial (Cooke and W arren, 
1973; R itter, 1986), o r upward m igration of gravel due to a clast-lifting effect 
caused by freeze and thaw and wetting and drying cycles (Springer, 1958).
O n the basis of recent studies of pavem ent, soil, and landscape developm ent 
in the Cim a volcanic field, M cFadden and others (1987) conclude, instead, 
that pavem ents are born at the land surface and that pavem ent clasts are 
never buried in the underlying soil. D esert pavem ents form at the surface by 
two m ajor processes: (1) colluviation of clasts from topographic highs into 
topographic depressions filled with eolian silt, and (2) uplifting of clasts as
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FIG U R E  22. M ap of soils in A rea  A  as shown in  Fig. 21. B edrock  is 
com prised o f th e  P erm ian  K aibab and  Torow eap F orm ations.
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DESCRIPTION
Desert Pavement is weakly 
developed containing few 
to none varnished 
alluvial clasts.
Av - vesicular horizon 
containg few clasts.
2Bkl - fine-grained sand 
and gravel containing 
carbonate filaments and 
clast bottom coatings 
(1 mm).
2Bk2 - poorly sorted, 
gravelly alluvium with 
sparse carbonate clast 
bottom coatings (0.5 mm).
FIG U RE 23. Soil Profile RRC88-6 (Surface 4) located in the vicinity of 
A rea A  as shown in Fig. 21.
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FIG U R E 24. Soil Profile RRC88-6 form ed on a low terrace, 1 m  in depth  
(Surface 4).
a. W eakly developed desert pavem ent
b. F iner-textured upper B horizon
c. C oarser-textured (gravelly) lower B horizon
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eolian  fines accum ulate in fractures. The pavem ents are  m aintained a t the 
surface as soils develop beneath  the pavem ents (M cFadden and others,
1987).
T he soil profile at A rea A  also illustrates Stage I to Stage II pedogenic 
carbonate m orphology (G iles and others, 1966; Bachm an and M achette,
1977) typical o f low terraces on Surface 4 (Fig. 23). Pebbles in soil horizons 
are  thinly, discontinuously coated with pedogenic carbonate. The pedogenic 
carbonate is m uch m ore visible in the gravel-rich zone (b) than in the 
gravel-poor zone (a) im m ediately above (Fig. 24) as a function of the low 
porosity and surface area  of gravelly m aterials. Stage of carbonate 
m orphology is developed at a  faster rate in gravelly paren t m aterials, than  in 
non-gravelly ones (Birkeland, 1984).
Surface 3 soils
Surface 3 is m arked by smooth, flat surfaces sloping east, 
approxim ately 1.5 degrees, toward the Las Vegas Valley and appear a 
brow nish-m agenta color on air photos (Fig. 21 and Fig. 25). T he soils 
developed on Surface 3 w ere m apped (Speck and others, 1985) as Dalian, 
very gravelly, fine sandy loam  with slopes of 2-4 percent and Canutio-Cave, 
gravelly, fine sandy loam  with slopes of 2-8 percent. They are  classified as 
Typic Calciorthids because of the presence of calcic horizons, absence of an 
argillic horizon, a  gravel content of m ore than 35 percent, and an organic 
carbon content of less than 6 percent. Etching or dissolution of lim estone 
clasts in the desert pavem ent and A  horizon indicates that the dom inant 
featu re of current pedogenesis is the illuviation of pedogenic carbonate 
(prim arily as grain coatings) into the B horizon.
Soil profile patterns at A rea B are (1) a well developed desert 
pavem ent, (2) vesicular A  horizon, (3) Bk horizons exhibiting Stage II to III+
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FIG U RE 25a. M ap of soils in A rea B as shown in Fig. 21. Bedrock is 
com prised of Mississippian M onte Cristo Limestone and D evonian 
Sultan Lim estone.
FIG U RE 25b. Surface 3a is differentiated from Surface 3b by the 
display of a be tte r cem ented desert pavem ent containing a larger 
proportion of Aztec sandstone.
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secondary carbonate morphology, (4) localized incipient K horizon 
(Stage IV), 10 cm in thickness, and (5) a gradual decrease in pedogenic 
carbonate accum ulation with depth in the paren t alluvium (Fig. 26).
The A  horizon is fine grained and distinguished by a high volum e of 
nearly round small vesicles or voids. From  laboratory experim ents 
perform ed by Springer (1958) and Sowers (1985), it was shown that vesicles 
can form  in the tim e span o f one or two good rainstorm s. W ater infiltrates 
the dry soil, displacing a ir and trapping air bubbles in the voids as it 
descends. Some of the air m igrates upward concentrating bubbles in the silt 
underneath  the desert pavem ent. These air bubbles and pockets are "frozen" 
in the soil as it dries.
D evelopm ent o f B and calcic horizons began som etim e after the 
surface was stabilized and rainw ater started moving through the soil profile. 
E tching of lim estone clasts in the desert pavem ent and in the A and B 
horizons indicates the C aC C ^ is being actively leached from  the upper 
horizons. A dditional contributions of CaCC> 3  to  soil w ater from  dustfall may 
have also taken  place.
T here is a  scarcity o f roots and faunal activity in the A  horizon due to 
high tem peratures. T he lower B horizon, however, has lower tem peratures 
and an  environm ent that is m ore favorable to roots and organisms. This 
results in a decrease in bulk density of the lower B horizon. The 
concentration of roots in this horizon facilitates the form ation of an 
underlying K horizon im m ediately below (K lappa, 1980; Sowers, 1985).
R oots following subhorizontal cracks pry these cracks open and create a 
m ajor pathway for w ater m ovem ent through the soil. T he crack becom es 
further enlarged by solution and when conditions change such that the crack 
does not carry sufficient w ater for solution, roots suck the w ater out of the
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HORIZON
2Bk2
28k3
4Bk8
4 8 k 9
DESCRIPTION
Desert Pavement is well 
developed and comprised 
of etched and varnished 
alluvial clasts.
Av - loose vesicular silt 
and sand and few gravels. 
2BJcl - poorly sorted, 
weakly cemented alluvium. 
2Bk2 - poorly sorted,* 
weakly cemented alluvium. 
2BX3 - well sorted, 
cemented alluvium.
3Km4 - laminar calcrete 
capping expanded 
alluvium, pelletal 
calcrete, and cemented 
alluvium.
4Bk5 - well sorted, 
cemented alluvium.
4Bk6 - poorly sorted, 
weakly cemented alluvium. 
4Bk7 - poorly sorted, 
weakly cemented alluvium. 
4BkB - poorly sorted 
alluvium, clast bottom 
carbonate coatings 
(1.0 mm).
4Bk9 - poorly sorted 
alluvium, thin clast 
bottom carbonate coatings 
(0.5 mm).
300
FIG U RE 26. Soil Profile RRC88-8 (Surface 3) located in the vicinity of 
A rea B as shown in Fig. 21.
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crack and micritic calcite precipitates rapidly around the roots. Pellets also 
form in the cracks and lam inar calcrete precipitates from a film of w ater that 
coats the floor of the crack (Fig. 27).
Surface 2 soils
Surface 2, like Surface 3, slopes gently eastward toward the Las Vegas 
Valley and appears as a light buff color with light m agenta overcast on air 
photos at A rea  C (Fig. 21 and Fig. 28). The soils developed on Surface 2 
w ere m apped (Speck and others, 1985) as Cave, gravelly, fine sand loam  with 
slopes from  0-4 percent and Tencee, very gravelly, fine sandy loam  with 
slopes o f 2-8 percent. Surface 2 soils are classified as Typic Paleorthids 
because of the presence of calcrete horizons (within 25-30 cm of the surface), 
absence of an argillic horizon, gravel content of m ore than 35 percent, and an 
organic carbon content of less than six percent.
Surface 2 soils are pedogenic calcretes. Soil profile patterns a t A rea 
C are (1) desert pavem ent that includes alluvial clasts and broken pieces of 
pedogenic calcrete w eathered from  the K horizons, (2) vesicular, silty A 
horizon, (3) very thin, gravelly B horizon that contains no clay, and 
(4) complex K horizon that displays an abrupt upper boundary and diffuse 
lower boundary, consisting of multiple layers of pedogenic calcrete o f varying 
textures, alternating with cem ented alluvium (Fig. 29). Frequency of 
pedogenic calcrete layers and degree of cem entation of alluvium decrease 
with depth.
T he calcrete horizon of this Paleorthid contrasts with the incipient 
calcrete horizon forming in Surface 3 soils because it has multiple lam inar 
horizons of Stage IV + morphology instead of mostly Stage II and III. 
H orizons of carbonate accum ulation are also thicker and at g reater 
depths, up to 5 m (15 ft) (Fig. 30). These horizons may have form ed during a
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FIG U R E 27. Sam ple taken  from  3Km4 horizon o f soil Profile RRC88-8 
(Surface 3) illustrating th ree  pedogenic calcrete textures that commonly 
occur in K  horizons.
a. Lam inar calcrete
b. Expanded alluvium
c. Pelletal calcrete
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FIG U RE 28a. M ap of soils in A rea C as shown in Fig. 21.
FIG U RE 28b. Surface 2a is differentiated from Surface 2b by the 
presence of reddish-brown A-B horizons, approximately 30 cm in 
depth. Surface 2b has been stripped and K horizons are present a t the 
surface.
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HORIZON
2Kml
2Km2
2Km3
3Km4
3Km5
3Km6
4Km7
4Km8
DESCRIPTION
Desert Pavement is well 
developed with varnished 
alluvial clasts and 
pieces of calcrete.
Av - thin vesicular 
horizon containing few 
clasts.
2Kal - laminar calcrete 
capping pelletal calcrete 
and expanded alluvium. 
2Km2 - cemented alluvium 
with many cracks and 
cupped limestone clasts. 
2Km3 - laminar calcrete 
capping expanded alluvium 
and cemented alluvium. 
3Km4 - blocky, cemented 
alluvium overlying 
laminar calcrete and 
expanded alluvium.
3Km5 - pelletal calcrete 
grading into cemented 
alluvium.
3Xm6 - platy, cemented 
alluvium.
4Bk7 - well sorted 
alluvium with carbonate 
clast bottom coatings 
(1 mm).
4BX8 - poorly sorted 
alluvium.
FIG U R E 29. Soil Profile RRC88-1 (Surface 2) located  in the vicinity of 
A rea  C as shown in Fig. 21.
FIG U R E  30. Soil Profile RRC88-1 (Surface 2) located in a pipeline trench  
th a t illustrates P leistocene leaching depths up to 5 m  (15 ft).
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m oister clim ate when depths of leaching w ere greatly increased. Slight 
illuviation of pedogenic carbonate as grain coatings, prim arily in the upper 
p art o f the B horizon, appears to be the dom inant process of pedogenesis at 
present.
The m ain body of the K horizon on Surface 2 consists of m ultiple 
layers o f pedogenic calcrete within layers of cem ented alluvium in a  zone 15 
to 60 cm in thickness. Individual calcrete layers vary from  0.5 to 20 cm thick, 
and often truncate alluvial bedding (Fig. 31). Individual pedogenic calcrete 
layers are generally discontinuous and may continue for as much as 100 m or 
as little as a m eter, then branch into m ore than one layer o r pinch out 
completely.
Surface 1 soils
Surface 1 is an erosional surface developed on o lder alluvium 
(of unknown age) and appears as a light buff color on air photos at A rea D 
(Fig. 21 and Fig. 32). It has been  m apped by Speck and others (1985) as 
Cave, gravelly, fine sandy loam  with slopes of 4-15 percent. Topography 
consists of ballenas with rounded crests and straight side slopes. Side slopes 
lie at an angle o f 10-14 degrees; ridge lines slope about 3 degrees toward the 
valley. Soils developed in the vicinity of A rea D are classified as Typic 
Paleorthids because of the presence of pedogenic calcrete horizons (within 
15 cm of the surface), absence of an argillic horizon, gravel content of more 
than 35 percent, and an organic carbon content of less than 6 percent.
The desert pavem ent on Surface 1 is similar to that on Surface 2 on 
ridge crests, but somewhat less developed on slopes. Pavem ent is composed 
of extremely p itted  and etched lim estone clasts, fragments and slabs of 
pedogenic calcrete, and occasional darkly varnished siliceous clasts. Slabs of
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FIG U RE 31. Expanded alluvium  that truncates paren t alluvial bedding 
exposed in  a  wash (Surface 2).
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FIG U R E 32. M ap of soils in the vicinity o f A rea  D  as shown in Fig. 21. 
B edrock is com prised o f the Perm ian  K aibab and Torow eap Form ations.
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pedogenic calcrete are com m on on side slopes and in severely eroded spots, 
bodies o f strongly cem ented alluvium outcrop at the surface (Fig. 33). Over 
m ost o f Surface 1, A  and B horizons are present, though th inner than on 
Surface 2.
Surface 1 soils are Stage IV + pedogenic calcretes exhibiting all the 
profile patterns and textures of the Surface 2 calcretes (Fig. 34). D ifferences 
betw een the two that are no t directly due to topographic differences are
(1) C em entation is g reater and veining m ore abundant in Surface 1 
pedogenic calcretes.
(2) In  the study area, porous massive calcrete texture is found only 
in Surface 1 pedogenic calcretes (Fig. 9 and Fig. 35).
(3) D epth  to the K  horizon beneath  Surface 1 is 15 cm, which is less 
than  beneath  Surface 2, and in some profiles, the K horizon is at 
the  surface.
(4) Percentage and depth of solution-faceted clasts are g reater in 
Surface 1 pedogenic calcretes.
T he ballena topography of Surface 1 creates certain  soil features that 
do not occur in Surface 2 soils. Soil developm ent varies with topographic 
position and reaches a  m axim um  in the swales (Fig. 36). The am ount o f 
pedogenic carbonate is g reater in swales and less on slopes and ridge tops 
because erosion has caused partial to com plete stripping of A  and B 
horizons. As the A  and B soil horizons are eroded, the K horizon is brought 
to the surface. P lant roots and faunal activity, exposure to soil w aters that 
leach pedogenic carbonate, and evaporation of w ater that leads to pedogenic 
carbonate  deposition, force sections of the K horizon apart so they are not 
continuously cem ented and m ore easily eroded. Slabs of eroded pedogenic 
calcrete m ake up a large part of the desert pavem ent on the side slopes.
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FIG U R E 33. P lates of cem ented alluvium  (w here ham m er head  hangs) 
exposed a t the surface of soil Profile RRC88-2 (Surface 1).
68
180
jgsgr*g3ga
• . . 0 ‘ I.7*
240
300
& k
flVJ*c F c fe a
O V jZCXO.O.g
D £ ? * 0* l 
&
HORIZON
2Kml
2Km2
3Km3
3K m 4
3K m 5
4Km6
4Km7
4Km8
5BK9
DESCRIPTION
Desert pavement is
comprised mainly of 
broken slabs of calcrete. 
2Kml - laminar calcrete 
capping expanded alluvium 
and cemented alluvium. 
2Xm2 - stringers of 
laminar calcrete in well- 
sorted cemented alluvium. 
3Km3 - laminar calcrete 
overlying platy porous 
massive calcrete.
3Km4 - pelletal calcrete 
overlying cemented 
alluvium.
3Xm5 - laminar calcrete 
overlying expanded 
alluvium and cemented 
alluvium.
4Km6 - pelletal calcrete 
overlying cemented 
alluvium.
4Km7 - laminar calcrete 
overlying expanded 
alluvium and cemented 
alluvium.
4Km8 - well sorted, 
cemented alluvium.
5Bk9 - poorly sorted 
alluvium with carbonate 
clast bottom coatings 
(0.5-1.0 mm).
FIG U RE 34. Soil Profile RRC88-3 (Surface 1) located in the vicinity of 
A rea D  as shown in Fig. 21.
FIG U RE 35. Stringer o f porous massive calcrete developed in soil 
Profile RRC88-3 (Surface 1).
FIG U R E 36. Typical ballena topography of Surface 1 that displays m ore 
pedogenic calcrete developm ent in the swales than  on the ridge tops.
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TH E RED RO CK CANYON SO IL CH RONOSEQUENCE
TEXTURAL AND M ORPHOLOGICAL TRENDS
A  quantitative soil developm ent index based on field data was applied 
to the soil chronosequence developed in alluvial deposits underlying the four 
geom orphic surfaces of the Red Rock Canyon alluvial fan. All soils in the 
chronosequence w ere (1) formed from gravelly calcareous parent alluvium,
(2) have generally flat topography with slopes of 1.5 to 4 percent, (3) are 
internally well-drained, and (4) occur as surface soils that have form ed since 
the deposition of the paren t m aterial. W hile clim ate may have fluctuated 
with glacial cycles, there is no strong evidence for dram atically different 
rainfall patterns or am ounts in the past. The presence of num erous, thick, 
well developed, pedogenic calcretes in the study area  suggests that the 
climate regim e has been  relatively consistent and has never been  moist 
enough to leach and rem ove much carbonate from the soils.
To establish a  quantitative soil developm ent index, five field 
properties of color, structure, texture, stage of carbonate morphology, and 
gravel content w ere m easured and described for nine soil profiles (Fig. 21 
and A ppendix I). O f the five properties m easured, color and stage of 
carbonate m orphology correlated most significantly with increasing soil age. 
The o ther th ree properties of structure, texture and gravel content were poor 
indicators o f age, but defined the depth and degree of cem entation in soil 
horizons.
Texture or grain size values of the less-than-2-mm fraction of each 
horizon of four soil profiles in the chronosequence were obtained by sieve
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analysis and plotted on a sand-silt-clay triangular diagram  (Soil Survey Staff, 
1951). Num erical values for all samples clustered in the lower left-hand 
corner of the diagram  as sand, loamy sand, sandy loam, and sandy clay loam 
(Fig. 37). D ata  are included in Appendix I. Total texture values were then 
p lo tted  vs. depth for each soil profile (Fig. 38). The pa tte rn  o f these values 
dem onstrates that maximum texture occurred from 30-180 cm for all soils 
and correlated with the presence of K horizons. D egree of cem entation, 
therefore, is dependent on sorting and grain size of the alluvial beds and 
depth of occurrence in  the profile.
To quantify field properties, points were assigned for developm ental 
increases of soil properties in comparison to the paren t m aterial. The soil 
p roperties of color and stage of carbonate morphology w ere combined into a 
single value, as described in the "Methods" section (Fig. 15), and plotted vs. 
depth of occurrence for the nine soil profiles (Fig. 39). This quantitative 
com parison of overall soil developm ent dem onstrates increasing color- 
lightening, color-paling, and stage of carbonate m orphology increases with 
time.
MINERALOGY TRENDS
Petrographic analysis of thin sections and X-ray diffractograms of soil 
horizon samples indicate a simple mineralogy for the R ed  Rock Canyon 
calcic soils and pedogenic calcretes: calcite, dolom ite, and quartz.
Absence of clay in any of the soil profiles studied contrasts with 
sim ilar work perform ed by Sowers (1985) and Sowers and others (1988). 
Small am ounts of sepiolite were described in soil profile descriptions from  
Kyle Canyon. The lack of clay in Red Rock Canyon fan soils may be the 
result of a different eolian sources for the Red Rock Canyon fan and Kyle
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F IG U R E  37. G ra in  size analysis o f  the  less-than-2-m m  fraction , 
p lo tte d  on  a  sand-silt-clay tr ian g u la r d iag ram  (Soil Survey Staff, 1951).
a. Soil P ro file  R R C 88-3  (S urface 1)
b. Soil P rofile  R R C 88-1  (S urface  2)
c. Soil P ro file  R R C 88-8  (S urface 3)
d. Soil P ro file  R R C 88-6  (S urface  4)
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Canyon fan  or variations in Kyle Canyon fan parent alluvium. A nother 
plausible explanation is that a small am ount of clay is present in the R ed  
Rock Canyon fan, but is not well crystallized. As a  result, even after rem oval 
of the  calcium  carbonate with glacial acetic acid, dolom ite and quartz m ask 
the clay present. It has also been  noted by Birkeland (1984), that if clay 
particles can move close together, van der W aals forces can take over, and 
attraction  and flocculation occur. T he particles can also com e together if the 
thickness of the ionic layer is reduced. Calcium  clays have a thin ion layer, 
are  commonly flocculated, and therefore, do not m igrate. T he absence of 
clays noted  in the R ed Rock Canyon soil profiles, therefore, could be a 
function of sampling.
In th in  section, quartz and chert were differentiated on size and 
rounding of the  grains. Q uartz grains in upper horizons consist typically of 
subrounded, well sorted, silt to fine sand grains (Fig. 40), while chert grains 
are m ore angular and vary greatly in size.
Thin  sections of calcic and calcrete horizons in all profiles display 
equant m icrite and parallel prism atic sparite (with irregular, interlocking 
boundaries) as the predom inate textures of pedogenic carbonate 
accum ulation. E quant m icrite always form s the initial rim  (pedogenic 
carbonate  coating) on the bottom  of clasts (Fig. 41). T here  is also evidence 
of both  displacem ent (G iles and others, 1966) and replacem ent (M illot and 
others, 1977) of paren t m aterial grains by pedogenic carbonate. D isplaced 
grains that are separated  by areas o f pedogenic carbonate often retain  
original grain outlines (Fig. 42), while replaced grain fragm ents have ragged 
em bayed outlines against a  carbonate matrix (Fig. 43).
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FIG U R E 40. Photom icrograph o f 2Km2 horizon of soil profile RRC88-7 
(Surface 2) th a t displays two calcrete textures. Cross-nicols and blue filter 
used for clarity. Scale b ar = 0.5 mm.
a. layers o f lam inated calcrete
b. rounded, silt-size quartz grains
c. pelle tal calcrete (clotted m icrite)
d. unaltered  lim estone clasts
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FIG U R E  41. P hotom icrograph of 3Km4 horizon  of soil Profile RR C88-8 
(Surface 3). A n  u n a lte red  lim estone clast (a) has eq u an t m icrite (b) form ing 
th e  in itial rim  (pedogenic carbonate  coating) on its low er surface. 
Cross-nicols and  blue filter used for clarity. Scale b ar = 100/? m.
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FIG U R E 42. Photom icrograph of 3Km5 horizon of soil Profile RRC88-1 
(Surface 2) dem onstrating expanded alluvium  texture. A n  u naltered  
lim estone clast (a) has been  entirely  surrounded by pelle ta l and lam inar 
calcrete (b), separating it from  ano ther lim estone clast (c). Cross-nicols and 
blue filter used fo r clarity. Scale b ar = 0.5 mm.
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FIG U RE 43. Photom icrograph of 2Km2 horizon of soil profile RRC88-3 
(Surface 1) illustrating pedogenic carbonate rep lacem ent of a lim estone clast 
by clotted m icrite (a) that is separated  from  an unalte red  lim estone clast (b) 
by m icritic calcite cem ent. Cross-nicols and blue filter used for clarity.
Scale bar = 0.5 mm.
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PED O G EN IC  CARBONATE ACCUM ULATION
T he R ed  Rock Canyon chronosequence dem onstrates that pedogenic 
carbonate accum ulations proceed in a  sequence of distinct m orphological 
stages related  to relative soil age as defined by Giles and others (1966) and 
Bachm an and M achette (1977). W ith increasing age and pedogenic 
carbonate accum ulations, soil m orphology develops from  Stage I (carbonate 
coatings on the bottom  of pebbles) to Stage IV + (m ultilayered K horizons) 
(Fig. 44).
T he visual technique for determ ining the total am ount of pedogenic 
carbonate present in a  soil profile (Fig. 16b) yielded values from  17.68-129.68 
g /cm ^ (Table 3). D ata  are included as A ppendix II. P ercen t total pedogenic 
carbonate for each horizon of these soil profiles was plo tted  vs. depth  of 
occurrence (Fig. 45) and plots obtained for all th ree profiles illustrate a 
decrease in pedogenic carbonate with increasing depth. V alues for total 
pedogenic carbonate w ere corrected for the detrital carbonate  p resen t in the 
paren t alluvium reworked from  pre-existing soils according to  the m ethod 
developed by Sowers and others (1988), and these adjusted values are  shown 
in T able 3.
W ith the exception of the A  horizon, which only contains 15-20 
percen t gravel, all o ther soil horizons have a gravel content o f m ore than 
55 percent. Polished slabs of the crushed coarse (gravel) fraction of each 
horizon typically consist of clasts of lim estone, dolom ite, quartzite, 
sandstone, and pedogenic carbonate. In polished slabs, lim estone ranges in 
color from  light gray to  dark  grey, pedogenic carbonate varies from  cream  to 
rusty brown, dolom ite is dark  grey to black, and sandstone and quartzite  
appear white. Polished slabs from  soil Profiles RRC88-8 (Surface 3), 
RRC88-1 (Surface 2), and RRC88-3 (Surface 1) best illustrate the
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FIG U RE 44. M odel for pedogenic carbonate genesis in R ed Rock 
Canyon chronosequence (after Sowers, 1985). The diagram  shows 
pedogenic carbonate  accum ulation and relative age proceeding from  
left to right. Pedogenic carbonate m orphology stages as defined by 
Giles and others (1966) and Bachm an and M achette (1977) are 
sum m arized in T able 2.
a. Surface 4 soils - Gravelly, lim estone alluvium w here 
carbonate  accum ulates on the bottom  of pebbles at 
depths of 30 cm (Stage I-II).
b. Surface 3 soils - Thick coatings of pedogenic carbonate 
accum ulate on the bottom  of clasts, concentrating in beds of 
low porosity, plugging them  locally (Stage III-IV).
c. Surface 2 soils - Leaching continues in the A  and B horizons 
and pendulous coatings of pedogenic calcrete form  on 
pebbles. These coatings becom e incorporated in the desert 
pavem ent through bioturbation. The K horizon grows by 
cracking and filling of cracks with pedogenic carbonate 
(Stage IV + ).
d. Surface 1 soils - Continued pedogenic carbonate 
developm ent results in a complex, m ultilayered K horizon, 
w here depth  of a calcrete layer in the profile is not indicative 
o f its age (Sowers, 1985).
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Surface Profile Depth of Pedogenic
profile CaC03 (g/cm2)
3 RRC88-8 276 cm 46.66
Correction for parent material1 -28.98
Accumulated pedogenic CaC03 17.68
2 RRC88-1 267 cm 83.11
Correction for parent material1 -28.04
Accumulated pedogenic CaC03 55.07
1 RRC88-3 275 cm 158.56
Correction for parent material1 -28.88
Accumulated pedogenic CaC03 129.68
1 Corrections for detrital pedogenic CaC03 reworked from
pre-existing soils were determined by the quantitative
pedogenic carbonate visual technique performed on four
samples from the Red Rock fan and six samples from the
Kyle Canyon fan (Sowers and others, 1988). Data are
included as Appendix II.
TABLE 3. Am ounts (g /cm ^) of accum ulated pedogenic carbonate calculated 
for the R ed Rock Canyon fan.
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Total Pedogenic CaC03
Depth 
(cm) ( 50 1 0 0 %
i .
200
300
FIG U RE 45. Percent total pedogenic carbonate, determ ined by the 
quantitative visual technique, plotted vs. depth of horizon for soil Profiles 
3 = RRC88-8 (Surface 3), 2 = RRC88-1 (Surface 2), and l  = RRC88-3 (Surface 
1).
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the  developm ent of pedogenic carbonate in the R ed R ock Canyon 
chronosequence with increasing depth and age (Fig. 46, Fig. 47, and Fig. 48).
AGES O F SURFACES AND SOILS: CONSTRAINTS ON  FAN EVOLUTION
T he relationship of soils to surfaces indicates the relative ages of 
soils and, consequently, a  chronosequence. T he R ed  R ock Canyon 
chronosequence can be correlated  to the Kyle Canyon chronosequence, using 
surface morphology and pedogenic carbonate accum ulation. In the Kyle 
Canyon fan age estim ates have been  established with paleom agnetic and 
2 34u /23(> rh  dating.
Both the R ed Rock Canyon fan chronosequence and Kyle Canyon fan 
chronosequence were form ed in gravelly calcareous alluvium underlying four 
geom orphic surfaces. O n both  fans, these surfaces exhibit sim ilar color, 
texure, and degree of dissection (Fig. 49). Pedogenic carbonate 
accum ulation m easured in th ree  soil profiles for each chronosequence is also 
com parable. Estim ated am ounts of pedogenic carbonate range from  
22.2-109.3 g /cm ^ for Kyle Canyon fan and 17.68-129.68 g /cm ^  for R ed  Rock 
Canyon fan.
Early Q uaternary  history of R ed  Rock Canyon includes an 
un in terrup ted  period of basin filling, prim arily with carbonate alluvium, 
followed by at least three m ajor and one m inor period of incision as 
described by D enny (1965). T he first m ajor period of incision is represen ted  
today by the small, isolated terrace rem nants of Surface 1. Based on 
correlation  with paleom agnetic dates obtained from pedogenic calcretes 
form ed in Kyle Canyon, Surface 1 stabilized for some period of tim e, p rio r to
730,000 years ago, during which pedogenic calcrete developed on slopes, 
ridges, and swales (Sowers , 1985; Sowers and others, 1988). This age is
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F IG U R E  46. Polished slabs from  each horizon  of soil profile 
R R C 88-8 (Surface 3). T he stratigraphic profile and  its subdivisions 
a re  shown in Fig. 26.
2Bk1
3Km4 4Bk5 4Bk6
4Bk94Bk84Bk7
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FIG U R E 47. Polished slabs from  each horizon of soil profile 
RRC88-1 (Surface 2). T he stratigraphic profile and its subdivisions 
are  shown in Fig. 29.
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FIGURE 48. Polished slabs from each horizon of soil profile 
RRC88-3 (Surface 1). The stratigraphic profile and its subdivisions 
are shown in Fig. 34.
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FIG U RE 49a. Black and white aerial photograph that illustrates the 
four geom orphic surfaces developed on Kyle Canyon fan.
FIG U RE 49b. Black and white aerial photograph that illustrates the 
four geom orphic surfaces developed on the R ed Rock Canyon fan.
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is also supported by correlation with "Quaternary Terrace A" deposits at the 
N evada Test Site, approximately 128 km (80 miles) to the north, th a t exhibit 
similar dissection patterns and pedogenic calcrete developm ent. T he age of 
the Q uaternary  Terrace A  deposits is constrained betw een 0.9 and 1.1 m a by 
two volcanic units (H oover and others, 1981).
Som etim e prior to 120,000 years ago, a  second period of incision 
occured, followed by valley widening. This event resulted in the form ation of 
an extensive, interm ediate, high level surface (Surface 2). Well developed 
soils then form ed under mesic climatic conditions and are preserved in 
deposits underlying Surface 2. Sowers and others (1988) obtained 
234 jj/230 ’r}1 dates for these soils averaging 120,000 years and attribute these 
pedogenic features to a relatively long interval of surface stability, prior to 
the onset of late W isconsinan entrenchm ent.
M ore recently, shorter periods of incision produced Surface 3, a 
sequence of fans ranging in age from 80,000 to 10,000 years. These separate 
fans were built by R ed Rock Canyon Wash as its course changed across the 
valley. Form ation of Surface 3 ceased in the early H olocene (Sowers and 
others, 1988). Following the developm ent of Surface 3, from 10,000 years 
ago to the present, through-flowing washes (Surface 4) developed their 
present eastw ard slopes of approximately 23 m /km  (120 ft/m ile) (Cooley 
and others, 1973).
T he only faults noted in the study area (Plate 1, in pocket), cut 
Surface 2 deposits, but not the younger Surface 3 or Surface 4 deposits. Last 
period of faulting recorded in the Red Rock Canyon alluvial fan, therefore, 
can be constrained betw een 120,000 and 80,000 years ago.
R ates of pedogenic carbonate accum ulation were calculated using 
^ ^ U / ^ ^ T h  ages obtained from Kyle Canyon fan. Rates are based on
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Surface 2 and Surface 3 only, due to the extrem e erosion on Surface 1 and 
range from  0.22 to 0.44 g /cm ^/ky . These rates are  similar to those 
calculated by M achette (1985) for Roswell-Carlsbad, New Mexico, Las 
Cruces, New Mexico, and Beaver, U tah  and by Sowers and others (1988) for 
Kyle Canyon, Nevada. Values com puted for the R ed  Rock Canyon fan add 
to this regional study of am ounts and rates o f pedogenic carbonate 
accum ulation (Table 4).
CONCLUSIONS
Six discrete calcic soils and pedogenic calcretes developed on four 
different fan surfaces com prise the R ed Rock Canyon alluvial fan complex. 
These soils, calcretes, and surfaces were studied in o rder to quantify changes 
in their m orphological developm ent and pedogenic carbonate accum ulation 
through time. A lthough the stage of m orphological developm ent is useful for 
correlating the ages of alluvial fan deposits w ithin local areas, the am ount 
and rate o f form ation of pedogenic carbonate present in the soils will prove 
useful for developing a regional chronostratigraphy of fan evolution. R elict 
alluvial fan  surfaces of the R ed Rock fan complex range in age from  less than
10,00 years (Surface 4) to  m ore than  730,000 years (Surface 1). Furtherm ore, 
the rate  a t which this carbonate accum ulated (0.22-0.44 g /cm ^ /th o u san d  
years) com pares well with carbonate accum ulation rates m easured in New 
Mexico and California. This consistency over a wide geographic region 
suggests a rem arkable continuity of clim ate and process throughout the 
H olocene and much of the late Pleistocene.
In addition to chronology, the presence of continuous, easily 
identifiable, and extrem ely hard calcrete horizons allows an appraisal of the
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Area
Geomorphic
Surface
Stage
of
CaC03
in
Mean
CS
g/cm2
Range
Rx, in 
g/cm2 per 
1,000 yr
Beaver, Utah:
Last Chance, Bench
III+ 71 64-78 0.141
Albuquerque, New Mexico 
Llano de Albuquerque
III 110 98-114 0.221
Las Cruces, New Mexico 
Lower La Mesa
IV 129 120-137 0.261
Red Rock Canyon, Nevada 
Surfaces 2 and 3
IV+ 36 18-55 0. 362
Kyle Canyon, Nevada 
Surfaces 2 and 3
IV+ 43 22-63 0.422
Roswell-Carlsbad, N.M. 
Mescalero
V- 257 229-307 o U1
1 Rates based on soil ages of 500,000 years calculated by 
Machette (1985).
2 Rates based on 234U/230Th age dates calculated by Sowers 
and others (1988). Values calculated were 79,000 and 
124,000 years for Surfaces 3 and 2, respectively.
TABLE 4. Maximum stage of carbonate morphology, pedogenic carbonate 
content (Cs), age, and average rate of pedogenic carbonate accum ulation 
(Rx), in calcic soils and pedogenic calcretes of five regions of the 
southw estern U nited  States.
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recent tectonic history of the R ed Rock alluvial fan complex. If surface 
rupture caused by faulting occurs after a  pedogenic calcrete layer has 
form ed, the layer will exhibit fractures and offset or o ther forms of tectonic 
deform ation. The fact that the Red Rock Canyon surfaces and deposits 
younger than 80,000 years (Surfaces 3 and 4) are intact and continuous, while 
Surface 1 and 2 do contain m inor tectonic offsets, constrains faulting to an 
interval ranging from 120,000 to 80,000 years ago.
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APPENDIX I - SO IL DESCRIPTION DATA
PROFILE: RRC88-1 SURFACE: 2
SOIL TAXONOMY: Aridisol- Typic Paleorthid
LOCATION: Blue Diamond NE 7.5' Quadrangle
SW1/4, SE 1/4, Sec. 29, T20S., R60E.
GEOMORPHIC SURFACE: alluvial fan remnant
AGE: second oldest surface >120,000 years
EXPOSURE: dynamited vault for gasline 3 6.5 ft (11.1m)
INTERNAL DRAINAGE: well-drained GROUNDWATER: >40 m
EROSION: severe ELEVATION: 2 660 ft (811 m)
SLOPE: moderate, <3% ASPECT: E-SE
CLIMATE: arid to semi-arid VEGETATION: creosote bush
REMARKS: Flat, deeply incised surfaces (over 12 m or 40
ft). Has a discontinuous desert pavement (very tightly 
formed away from vegetation and associated rodent burrows. 
Major profile characteristics: (1) desert pavement that
contains limestone and calcrete fragments, (2) vesicular, 
silty A horizon, (3) calcic B horizon with etched limestone 
clasts and carbonate coatings, (4) complex K horizon (see 
field descriptions), (5) frequency of calcrete layers and 
alluvium cementation decreases with depth.
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PROFILE: RRC88-2 SURFACE: 1
SOIL TAXONOMY: Aridisol- Typic Paleorthid
LOCATION: Blue Diamond NE 7.5' Quadrangle
SE1/4, NW 1/4, unnum Sec. 29, T20S., R60E. 
GEOMORPHIC SURFACE: alluvial fan remnant
AGE: oldest surface >730,000 years
EXPOSURE: 15 ft (4.58 m) wash exposure
INTERNAL DRAINAGE: well-drained GROUNDWATER: >40 m
EROSION: severe ELEVATION: 3300 ft (1006m)
SLOPE: moderate, >3% ASPECT: E
CLIMATE: arid to semi-arid VEGETATION: creosote bush
REMARKS: Surface 1 is an erosional surface developed on
older alluvium. Topography consists of ballenas with 
rounded crests and straight side slopes (12-16°. Desert 
pavement on Surface 1 is similar in development to Surface 2 
on ridge crests, but less developed on slopes. Pavement is 
composed of extremely pitted and etch limestone clasts, 
fragments of calcrete, and a few darkly varnished siliceous 
clasts. Slabs of calcrete are common on the sideslopes. In 
severely eroded spots, outcrops of strongly cemented 
alluvium are found at the surface. These fan remnants have 
been faulted and are dissected by modern washes. Not 
present at lower elevations, must be buried or eroded away.
103
aso
H
PS
o
«0
uQ
kvWo  u  o  < 0 t< o  to
<11
p  a  at in P 0o
(0a)
p
TO3
*o 10 3  c  
p  a>
•da)
p
g0) 3 P  -H a> > P 3
O rH P
as
p  a  as nP oo P
H P 3 C  rH c rH rH c rH P c
3 3 rH 3 3 a> AS a as 3  3 as
O C CUP e u g o g O g g
• r l <u 0) <0 a> TJ as •H as
rH g CP p o c o h  a> u H g 03 3 
P  r l
C  0 •H r—1 •H X  g X its P  P  3 X  > i 3 3 P  rH 3  2 ?ai P  0 •H  3 •H as as *H XJ as •H x;
iH XJ 0 O P rH P rH g P o rH  XJ P 0
*H P 0 P P rH as p  p rH P p  p
a) *h rH <H <0 \ 0 as o Its 3 as -h 3 3
Cu Se <H 0 s > g Cu g Or Or 5 g CU
H" + + + + H + H
> > > > > H > H
H H H H H H H H
x
•H
P
P0
g P
x  a)
0  g3 Q)
» o
H
•a<u
p
po
w g 3 >1*H 
•H  >  
P 3 
O rH 
O  rHa  3
<n> p
" Sto < u  «  o
o
VO
ID
VO
in
x
in
vo
in
in
in
vo
in
in
invo ovo ox
2
D
EhCJ
«
&00
X >i
rH r—1 rH
XTJ XTJ XTJ 3 ta 3 T3 3 ZJ ><•0 Zf T3 TJ
rH as rH 3 rH 3 P  3 P 3 P  3 rH 3 3 3 3
tJVp Dvp tjvp 3 P 3 P 3 P tJlp > iP X P >iPc  c c  c C C P c P G P G C G rH C rH C ■H Co as O 3 O 3 3 3 3 3 3 3 0 3 X  3 X  3 ^  3
p g P g P g T3 g •O g Zf g P g 3 g 3 g 3 gp  as P  3 P  3 O 3 O 3 O 3 P  3 3 3 3 3 3 3
10 o 10 U (0 O g O g o g o 3 O I* O & O > 0
M
I
<0
CO
O
g
H
H
h
8Pc
OTO
PSso
o
H O
K ~
N
Q
PS
O
N
W
PJ
O
«
fM CM
\ \
CO co CO
\
(X CX 00
> i X
OSin in
• • X
x e'­ in
en i n
H in VO
co l I
l CM
o CO in
pH CM CO
CM CM CM
co CO CO CM H 1
S \ N \ s N
CO 00 00 00 CO X X
PS PS PS PS
\
X PS PS
X X X X X X
in i n in in PS in i n
• • • • X • •
X X X X in X X
CM vo rH o o 00
rH X vo OV CO CM in
rH rH CM CM CO ■M1
1 1 1 1 1 1 1
vo CO in X CM rH «H
VO iH X VO OV CO CM
rH rH CM CM CO
n
in
co
vo
CQrr
x co
X
CQ
in
Ov
X
CQ
in
o
rH
X
m
in
104
PROFILE: RRC88-3 SURFACE: 1
SOIL TAXONOMY: Aridisol- Typic Paleorthid
LOCATION: Blue Diamond NE 7.5' Quadrangle
NW1/4, NW 1/4, Sec. 3, T21S., R59E.
GEOMORPHIC SURFACE: alluvial fan remnant
AGE: oldest surface >730,000 years
EXPOSURE: 12 ft (3.66 m) wash exposure
INTERNAL DRAINAGE: well-drained GROUNDWATER: >40 m
EROSION: severe ELEVATION: 3300 ft (1006m)
SLOPE: moderate, >3% ASPECT: E
CLIMATE: arid to semi-arid VEGETATION: creosote bush
REMARKS: These Surface 1 soils are Stage IV+ pedogenic
calcretes, exhibiting all the profile characteristics and 
textures of Surfaces 2 calcretes. Differences not due to 
topographic factors are (1) more abundant cupped and etched 
clasts, (2) induration or cementation is greater, (3) 
brecciation and veining are more abundant, (4) expanded 
alluvium is more common; depth to K horizons is less, (5) 
partial solution of calcrete followed by renewed 
accumulation.
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PROFILE: RRC88-4 SURFACE: 2
SOIL TAXONOMY: Aridisol- Typic Paleorthid
LOCATION: Blue Diamond NE 7.5' Quadrangle
SE1/4, NW 1/4, Sec. 6, T2 0S., R60E
GEOMORPHIC SURFACE: alluvial fan remnant
AGE: second oldest surface >120,000 years
EXPOSURE: 6 ft (1.81 m) wash exposure
INTERNAL DRAINAGE: well-drained GROUNDWATER: >40 m
EROSION: moderate ELEVATION: 2900 ft (884 m)
SLOPE: slight, >3% ASPECT: NW
CLIMATE: arid to semi-arid VEGETATION: creosote bush
REMARKS: The main body of the K horizon of Surface 2
consists of multiple layers of calcrete within layers of 
cemented alluvium in a zone 10-60 cm thick. One to four 
calcrete layers are common in a profile. Individual 
calcrete layers are generally discontinuous. With depth 
calcrete layers become thinner and further apart, grading 
into uncemented parent alluvium. Depth to uncemented parent 
alluvium was not determined because of inadequate depth of 
exposure.
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PROFILE: RRC88-5 SURFACE: 2
SOIL TAXONOMY: Aridisol- Typic Paleorthid
LOCATION: Blue Diamond NE 7.5' Quadrangle
SW1/4, SW 1/4, Sec. 7, T20S., R60E.
GEOMORPHIC SURFACE: alluvial fan remnant
AGE: second oldest surface >12 0,000 years
EXPOSURE: 10.5 ft (3.26 m) wash exposure
INTERNAL DRAINAGE: well-drained GROUNDWATER: >40 m
EROSION: moderate ELEVATION: 2900 ft (884 m)
SLOPE: slight, >3% ASPECT: S
CLIMATE: arid to semi-arid VEGETATION: creosote bush
REMARKS: Fan remnants, with subdued ballena topography.
Contains multiple layers of calcrete within layers of 
cemented alluvium in a zone 15-65 cm thick. See evidence of 
channels, with the coarser, poorly sorted deposits that are 
well cemented, next to beds of smaller pebble alluvium that 
is less well cemented. Definitely very different than the 
alluvial fan remnants directly west (fault? cutting these 
deposits with an orientation of NW-SE).
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PROFILE: RRC88-6 SURFACE: 4
SOIL TAXONOMY: Aridisol- Typic Calciorthid
LOCATION: Blue Diamond NE 7.5' Quadrangle
SW1/4, NE 1/4, Sec. 11,T21S., R59E.
GEOMORPHIC SURFACE: low terrace developed in RR Wash
AGE: modern <10,000 years
EXPOSURE: 3.25 ft (96 cm) wash exposure
INTERNAL DRAINAGE: well-drained GROUNDWATER: >40 m
EROSION: slight ELEVATION: 2660 ft (811 m)
SLOPE: very slight, >1% ASPECT: SW
CLIMATE: arid to semi-arid VEGETATION: creosote bush
REMARKS: Maximum soil development consists consists of a
weak desert pavement, weak vesicular A horizon, and powdery, 
discontinuous carbonate coatings on the bottom of pebbles 
(Stage I and II). This profile is a low terrace < 1 m)
developed in Surface 4 deposits. On air photos Surface 4
appears very light grey in active channels and dark on areas 
old enough to have dark colored vegetation (yucca, creosote 
bush).
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PROFILE: RRC88-7 SURFACE: 2
SOIL TAXONOMY: Aridisol- Typic Paleorthid
LOCATION: Blue Diamond NE 7.5# Quadrangle
SE1/4, SE 1/4, unnum Sec.,T21S., R60E.
GEOMORPHIC SURFACE: alluvial fan remnant
AGE: second oldest surface >730,000 years
EXPOSURE: 12.63 ft (3.85 m) wash exposure
INTERNAL DRAINAGE: well-drained GROUNDWATER: >40 m
EROSION: moderate to severe ELEVATION: 2 640 ft (805 m)
SLOPE: moderate <3% ASPECT: N
CLIMATE: arid to semi-arid VEGETATION: creosote bush
REMARKS: Flat, deeply incised surface (over 20 ft). It has
a discontinuous desert pavement. Dissection of Surface 2 is
taking place by minor drainages that arise on Surface 2 and 
by major washes draining the canyons. Washes that cut 
Surface 2 remnants are typically steep-sided because their
walls are protected by resistant calcrete caprock of
Surface 2.
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PROFILE: RRC88-8 SURFACE: 3
SOIL TAXONOMY: Aridisol- Typic Calciorthid
LOCATION: Blue Diamond NE 7.57 Quadrangle
SE1/4, NE1/4, Sec.20,T20S., R60E
GEOMORPHIC SURFACE: alluvial fan remnant
AGE: third oldest surface >80,000 years
EXPOSURE: 11.75 ft (3.58 m) pipeline trench
INTERNAL DRAINAGE: well-drained GROUNDWATER: >40 m
EROSION: moderate ELEVATION: 2640 ft (805 m)
SLOPE: moderate <2% ASPECT: N
CLIMATE: arid to semi-arid VEGETATION: creosote bush
REMARKS: Surface 3 is typified by smooth flat surfaces that
are being dissected by Surface 4. It has a distinctive 
patterned appearance on air photos (dark areas are desert 
pavement, light colored areas are vegetated, finer-textured 
soils. Large patches of grass cover ground that is riddled 
with rodent burrows (shows as whitish spots on air photos. 
Carbonate accumulation is variable and concentrates in 
particular beds of parent alluvium due to low porosity 
and/or permeability. The carbonate accumulation appears as 
white stripes that follow bedding, in a zone from 30-80 cm 
deep. Dissection of Surface 3 deposits is taking place by 
modern drainage.
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PROFILE: RRC88-9 SURFACE: 4
SOIL TAXONOMY: Entisol- Typic Torriorthent
LOCATION: Blue Diamond NE 7.5' Quadrangle
NE1/4, NW 1/4, Sec. 3,T21S., R59E.
GEOMORPHIC SURFACE: sand and gravel deposits
AGE: modern <10,000 years
EXPOSURE: 3.25 ft (96 cm) wash exposure
INTERNAL DRAINAGE: well-drained GROUNDWATER: >40 m
EROSION: slight ELEVATION: 2650 ft (807 m)
SLOPE: very slight, >1% ASPECT: SW
CLIMATE: arid to semi-arid VEGETATION: creosote bush
REMARKS: These sediments of active channels are stratified 
and contain a high percentage of sand and gravel. Carbonate 
accumulation is restricted to a few discontinuous coatings 
on some pebbles. A few pebbles with thick coatings occur 
and were probably derived from some secondary carbonate 
horizon source upstream. These thickly-coated pebbles are 
not distributed in a horizon, but occur randomly throughout 
the channel sediments.
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DESCRIPTION OF MAP UNITS
4
HOLOCENE
SURFACE 4 - Surfaces display bar and swale 
microtopography. Underlying deposits are 
comprised of pink to pale brown, fine sand to 
cobble gravel. Clast composition is mainly 
limestone and dolomite with subordinate 
quartzite. Deposits occur in incised active 
stream channels, alluvial flats, and low 
terraces (1 m), contain Stage I to II calcic 
horizons, and exhibit thin pedogenic 
carbonate coatings on the bottom of limestone 
and dolomite clasts. Thickness : 1 to 5 m
LATE PLEISTOCENE
SURFACE 3 - Surfaces are flat, smooth,
display a shallow, braided drainage pattern, 
and contain a well developed desert pavement. 
Underlying deposits are comprised of pale 
pink to pale brown, pebble to cobble gravel. 
Clast composition is mainly limestone and 
dolomite with subordinate quartzite and 
sandstone. Surface clasts have slight to 
moderate desert varnish and carbonate clasts 
are typically etched. Deposits are 
moderately to well consolidated and exhibit
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LATE
SURFACE 2 -
d i s p l a y  an i i  
c o n t a i n  a we l]  
w i t h  a d i s c  
r u b b l e .  Unde 
l i g h t - g r a y  td 
p e b b l e  t o  c o j  
i s  m a i n l y  l! 
s u b o r d i n a t e  qu 
s u r f a c e ,  c a r b o  
and b r o k e n  ai 
p e d o g e n i c  carlj 
c o n s o l i d a t e d  
by S t a g e  IV+ 
t h i c k  a t  o r  n 
be d i v i d e d  i n  
o n  t h e  p r e s  
T h i c k n e s s :  5
2a
2b
SURFACE 1
t o p o g r a p h y ,  
w e l l  d e v e l o t  
U n d e r l y i n g  d|  
and l i g h t  
s u p p o r t e d  pell 
- o m p o s i t i o n  i l  
w i t h  s u b o r d i r

d i v i d e d  i n t o  t w o  t e r r a c e  l e v e l s  w i t h  s l i g h t  
t o p o g r a p h i c  a n d  s u r f a c e  m o r p h o l o g y  
d i f f e r e n c e s .  T h i c k n e s s :  3 t o  8 m.
3 a  -  D e s e r t  p a v e m e n t  c o n t a i n s  
a b u n d a n t  A z t e c  s a n d s t o n e  
c l a s t s .
3 b  -  A z t e c  s a n d s t o n e  c l a s t s  a r e  
r a r e  i n  d e s e r t  p a v e m e n t .
LATE AND MIDDLE PLEISTOCENE
SURFACE 2 -  S u r f a c e s  a r e  f l a t ,  s m o o t h ,
d i s p l a y  a n  i n c i s e d  d e n d r i t i c  d r a i n a g e ,  and  
c o n t a i n  a w e l l  d e v e l o p e d  d e s e r t  p a v e m e n t  
w i t h  a d i s c o n t i n u o u s  c o v e r  o f  c a l c r e t e  
r u b b l e .  U n d e r l y i n g  d e p o s i t s  a r e  c o m p r i s e d  o f  
l i g h t - g r a y  t o  p i n k i s h - b r o w n ,  c l a s t - s u p p o r t e d  
p e b b l e  t o  c o b b l e  g r a v e l .  C l a s t  c o m p o s i t i o n  
i s  m a i n l y  l i m e s t o n e  a n d  d o l o m i t e  w i t h  
s u b o r d i n a t e  q u a r t z i t e  and s a n d s t o n e .  At  t h e  
s u r f a c e ,  c a r b o n a t e  c l a s t s  a r e  s t r o n g l y  e t c h e d  
a n d  b r o k e n  an d  e x h i b i t  m o d e r a t e  t o  t h i c k  
p e d o g e n i c  c a r b o n a t e  c o a t i n g s .  D e p o s i t s  a r e  
c o n s o l i d a t e d  t o  s t r o n g l y  c e m e n t e d  and c a p p e d  
by S t a g e  IV+ c a l c r e t e  - h o r i z o n s  1 . 5  t o  2 m 
t h i c k  a t  o r  n e a r  t h e  s u r f a c e .  The u n i t  c a n  
be d i v i d e d  i n t o  two t e r r a c e  l e v e l s  d e p e n d e n t  
o n  t h e  p r e s e n c e  o f  A - B  s o i l  h o r i z o n s .  
T h i c k n e s s :  5 t o  20 m.
2 a  -  D e p o s i t s  c o n t a i n  A-B s o i l  
h o r i z o n s .
2b  -  A-B s o i l  h o r i z o n s  h a v e  b e e n  
removed  b y  erosion.
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SURFACE 1 -  S u r f a c e s  d i s p l a y  b a l l e n a
t o p o g r a p h y ,  p a r a l l e l  d r a i n a g e ,  and c o n t a i n  a 
w e l l  d e v e l o p e d  c a l c r e t e  d e s e r t  p a v e m e n t ,  
' . ' n d e r l y i n g  d e p o s i t s  a r e  c o m p r i s e d  o f  w h i t e  
a n d  l i g h t  g r a y  t o  p i n k i s h - b r o w n  c l a s t -  
s u p p o r t e d  p e b b l e  t o  c o b b l e  g r a v e l .  C l a s t  
• o m p o s i t i o n  i s  m a i n l y  l i m e s t o n e  an d  d o l o m i t e  
w i t h  s u b o r d i n a t e  q u a r t z i t e  a n d  s a n d s t o n e .
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T h i c k n e s s :  5 t o  20 m.
2a -  D e p o s i t s  c o n t a i n  A-B s o i l  
h o r i z o n s .
2b -  A-B s o i l  h o r i z o n s  h a v e  b e e n  
removed
1
EARLY PLEISTOCENE
SURFACE 1 -  S u r f a c e s  d i s p l a y  b a l l e n a
t o p o g r a p h y ,  p a r a l l e l  d r a i n a g e ,  and c o n t a i n  a 
w e l l  d e v e l o p e d  c a l c r e t e  d e s e r t  p a v e m e n t .  
U n d e r l y i n g  d e p o s i t s  a r e  c o m p r i s e d  o f  w h i t e  
a n d  l i g h t  g r a y  t o  p i n k i s h - b r o w n  c l a s t -  
s u p p o r t e d  p e b b l e  t o  c o b b l e  g r a v e l .  C l a s t  
- o m p o s i t i o n  i s  m a i n l y  l i m e s t o n e  and d o l o m i t e  
w i t h  s u b o r d i n a t e  q u a r t z i t e  and  s a n d s t o n e .  
D e p o s i t s  a r e  s t r o n g l y  c e m e n t e d  and c a p p e d  by  
S t a g e  IV+ c a l c r e t e  h o r i z o n s  3 m t h i c k  a t  o r  
n e a r  t h e  s u r f a c e .  C a l c r e t e  h o r i z o n s  a r e  
e r o d i n g  a n d  c a l c r e t e  f r a g m e n t s  f o r m  t h e  
l a r g e s t  p r o p o r t i o n  o f  t h e  s u r f a c e  c l a s t s .  
T h i c k n e s s :  10 t o  50 m.
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